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Preface 



The American Institute of Physics Handbook has been prepared as an 
important working tool for those employing physical methods in research, 
application, and teaching. It should prove especially valuable in this 
period of scientific development, particularly since the impact of war- 
time research, when the science of physics has expanded into many spe- 
cialized fields. The many new discoveries and advances have been taken 
into consideration by the board of editors so as to select and compile the 
most generally useful data. 

This volume represents the first handbook specifically on physics to be 
published in America. It is also the first such volume to be sponsored by 
the American Institute of Physics, the organization which acts as the cen- 
tral service agency of the five member societies in physics. Prior to this 
time, the profession of physics has had to depend on handbooks prepared 
primarily for other disciplines. 

The book has been over four years in the making under the guidance 
of D wight E. Gray, coordinating editor. Its publication would not have 
been possible without his patient direction and the active cooperation of 
many of the leading physicists in the nation as well as the help and 
assistance of hundreds of other scientists. The American Institute of 
Physics owes much to their unselfish spirit. 

This handbook will be of primary usefulness to the young scientific 
investigator and will also have value as a reference work to the senior 
physicist. It should be of assistance to the individual engaged in applied 
physics and engineering. The volume has been divided into the logical 
areas of physics. 

We are pleased to add this handbook to the many publications spon- 
sored by the Institute and to invite the suggestions and criticism of phys- 
icists so that future editions may be more complete and useful. 

THE AMERICAN INSTITUTE OF PHYSICS 
vii 
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Section 1 

MATHEMATICAL AIDS TO 
COMPUTATION 

ALBERT A. BENNETT 

Brown University 

and 

THOMAS J. DERBY 

Pratt and Whitney Aircraft Corporation 



To the physicist who is equipped by training and temperament to use them, many 
mathematical aids of a variety of kinds are available for dealing with mathematical 
relationships among physical quantities. Such aids include mechanical computing 
devices, numerical tables of functional values, collections of formulas, syllabi of com- 
putational techniques and artifices, and the like. None of these is the outcome of 
physical theory or of laboratory experimentation but frequently physicists find them 
very useful. 

Among mechanical computing devices are slide rules and desk computers. In 
widespread use, beside the pocket-size " 7-inch" slide rule and the portable "10-inch" 
rule, are the larger "20-inch" (or more properly "50-cm") slide rules and plane 
circular slide rules of various diameters. Rules of comparable quality and value are 
manufactured by several well-known companies. Various larger devices, suggested 
by the conventional Mannheim style slide rule, have cylindrical, and even squirrel- 
cage scales, but these are seldom favored by practical experts. Among desk com- 
puters, the most widely used in America (in alphabetic order) are the Friden, the 
MarChant, and the Monroe; each ranges from simple hand-powered devices to electric- 
driven machines with numerous semiautomatic features. Such computing devices 
have practically displaced common logarithms for simple multiplication and division. 
High-speed electronic digital computers, where they are available, also are rendering 
superfluous many mathematical artifices and tables of special functions. 

Numerical tables of the simpler mathematical functions are widely owned. These 
vary as to tabular interval and numbers of significant digits. Mathematical hand- 
books often contain much material which, while of service to the number theorist or 
actuary, may seldom be relevant to work in the physical laboratory. Statistical 
tables and techniques of sampling are gradually finding increasing use in the calculus 
of observations for the physical laboratory technologist no less than for the sociologist 
and practical geneticist. A single mathematical handbook may be adequate for most 
routine laboratory situations and may occupy all the immediate desk space that the 
physicist is willing to devote to such aids. Often such a handbook has been acquired 

1-1 



1-2 MATHEMATICAL AIDS TO COMPUTATION 

in connection with an undergraduate course in mathematics. To save computing 
labor many computers prefer (particularly for inverse interpolation) to use tables 
which give values to more significant figures than are to be retained. 

Most American standard mathematical handbooks of tables contain at least the 
following: 

Squares, cubes, square roots, cube roots, reciprocals 

Common logarithms 

Natural trigonometric functions in degrees and minutes 

Common logarithms of the trigonometric functions 

Natural logarithms 

Exponential and hyperbolic functions 

Values of the probability integral 

Among the compilations of tables most widely used in this country are the following, 
most of which are revised and republished from time to time: 

Allen, Edward S.: " Six-place Tables," 7th ed., McGraw-Hill Book Company, Inc., 

New York, 1947, 232 pages: 

Squares, cubes, square roots, cube roots, reciprocals, common logarithms; natural 
trigonometric functions; logarithms of the trigonometric functions; natural 
logarithms; exponential and hyperbolic functions, probability integral; gamma 
function; integrals; miscellaneous constants; formulas and conversion tables. 

Burington, Richard S.: "Handbook of Mathematical Tables and Formulas," 3d ed., 

Handbook Publishers Inc., Sandusky, 1949, 26S pages: 

Squares, cubes, square roots, cube roots, reciprocals; common logarithms (4- and 
5-place, 7-place of 1,000-1,200); natural trigonometric functions (4- and 5-place); 
logarithms of trigonometric functions (4- and 5-place) ; natural logarithms 
(5-place); exponential and hyperbolic functions; probability integral; derivatives; 
elliptic integrals; gamma function; integrals; logarithms of prime numbers 
(10-place); miscellaneous constants, formulas, and conversion tables. 

Carmichael, Robert D., and Edwin R. Smith: "Mathematical Tables and Formulas," 

Ginn & Company, Boston, 1931, 269 pages: 

Squares, cubes, square roots, cube roots, reciprocals, common logarithms (4- and 
5-place); natural trigonometric functions (4- and 5-place); logarithms of trigo- 
nometric functions (4- and 5-place); natural logarithms (5-plaee); exponential 
and hyperbolic functions; integrals; logarithms of prime numbers (10-place); 
miscellaneous constants, formulas, conversion tables, and reference curves. 

Comrie, Leslie J. : " Barlow's Tables of Squares, Cubes, Square Roots, Cube Roots, 
and Reciprocals of All Integer Numbers up to 10,000," 3d ed., E. & F. N. Spon, Ltd., 
London, 1935, 208 pagesV 

Squares, cubes, square roots, cube roots, reciprocals; miscellaneous constants; 

powers (4th-20th). 

Comrie, Leslie J.: "Chambers' Shorter Six-figure Mathematical Tables," W. and 

R. Chambers, Ltd., Edinburgh and London, 1950, 387 pages: 

Squares, cubes, square roots, Cube roots, reciprocals, common logarithms; natural 
trigonometric functions ; logarithms of trigonometric functions (5-place) ; natural 
logarithms; exponential and hyperbolic functions; derivatives; integrals; inverse 
functions; miscellaneous constants, formulas, and conversion tables. 

Dwight, Herbert B.: "Mathematical Tables," McGraw-Hill Book Company, Inc., 
New York, 1941, 231 pages: 

Common logarithms (4-place); natural trigonometric functions (5-place); loga- 
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rithms of trigonometric functions (5-place); natural logarithms (4-place); expo- 
nential and hyperbolic functions; probability integral; Bernoulli's and Euler's 
numbers; Bessel functions; elliptic integrals; .gamma function; Riemann zeta 
function ; zonal harmonics. 

D wight, Herbert B.: "Tables of Integrals and Other Mathematical Data," rev. ed., 

The Macmillan Company, New York, 1947, 250 pages: 

Common logarithms (4-place) ; natural trigonometric functions (4-place) ; natural 
logarithms (4-place); exponential and hyperbolic functions; probability integral ; 
Bessel functions; derivatives; elliptic integrals; gamma function; integrals; mis- 
cellaneous constants, formulas, and conversion tables. 

Hedrick, Earle R.: "Logarithmic and Trigonometric Tables" (bound with tables from 
"The Calculus" by Ellery W. Davis and William C. Brenke), The Macmillan Com- 
pany, New York, 1938, 142 + 50 pages: 

Squares, cubes, square roots, cube roots, reciprocals; common logarithms (4- and 
5-plaCe); natural trigonometric functions (4- and 5-place); logarithms of trigo- 
nometric functions (5-place) ; natural logarithms (5-place) ; exponential and 
hyperbolic functions; haversines; logarithms of prime numbers (10-place); mis- 
cellaneous constants and conversion tables. 

Hodgman, Charles D.: "Mathematical Tables" (based on his "Handbook of Chemis- 
try and Physics ")> 10th ed,, Chemical Rubber Publishing Co., Cleveland, 1954, 
406 pages: 

Squares, cubes, square roots, cube roots, reciprocals; common logarithms (4-, 5-^, 
and 7-plaee); natural trigonometric functions (5-place); logarithms of trigo- 
nometric functions (5-place) ; natural logarithms (5-place); exponential and 
hyperbolic functions; probability integral; derivatives; elliptic integrals; gamma 
function; haversines; integrals, interest tables; miscellaneous constants, formulas 
and conversion tables; mathematicalsymbols and abbreviations. 

Hodgman, Charles D.: "Standard Mathematical Tables" (based on his "Handbook 
of Chemistry and Physics") 10th ed., Chemical Rubber Publishing Co., Cleveland, 
1955, 433 pages. Similar to preceding item in content but of larger page size* 

Hudson, Ralph G., and Joseph Lipka: " A Manual of Mathematics, John Wiley & 
Sons, Inc., New York, Chapman & Hall, Ltd., London, 1940, 135 pages: 

Squares, cubes, square roots, cube roots, reciprocals; common logarithms (4-place) ; 

natural trigonometric functions (4-place); logarithms of trigonometric functions 

(4-place); natural logarithms (iplace); exponential and hyperbolic functions; 

derivatives; integrals; miscellaneous constants, formulas, and conversion tables. 

Huntington, Edward V.: "Handbook of Mathematics " (from "Mechanical Engineers' 
Handbook," by Lionel S. Marks), 3d ed., McGraw-Hill Book Company, Inc., New 
York* 1943, 193 pages: 

Squares, cubes, square roots, cube roots, reciprocals; common logarithms (4-place) ; 

natural trigonometric functions (4-place) ; logarithms of trigonometric functions 

(4-place); natural logarithms (4-place); exponential and hyperbolic functions; 

derivatives; integrals; miscellaneous constants, formulas, and conversion tables. 

Jahnke, Eugene, and Fritz Emde: "Tables of Functions with Formulae and Curves," 
4th ed., (German and English), Dover Publication., Inc., New York, 1945, 382 pages: 
Bessel functions, circular and hyperbolic functions of a complex variable; cubic 
equations; elliptic integrals; exponential functions; factorial functions; Legendre 
functions; miscellaneous conversion tables; Planck's radiation function; powers 
(2nd to 15th); probability integral and related functions; reciprocals iaind square 5 
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roots of complex numbers; Riemann zeta function; sine, cosine, and logarithmic 
integral; theta functions; transcendental equations; vector addition. 

Larsen, Harold D.: "Rinehart Mathematical Tables, Formulas and Curves," Rinehart 

& Company, Inc., New York, 1953, 280 pages: 

Squares, cubes, square roots, cube roots, reciprocals, common logarithms (4- and 
5-place); natural trigonometric functions (5-place); logarithms of trigonometric 
functions (5-place); natural logarithms (4-place); exponential and hyperbolic 
functions; probability integral; Bessel functions; derivatives; elliptic integrals; 
integrals; miscellaneous constants, formulas, conversion tables, and reference 
curves. 

Peirce, Benjamin O.: "A Short Table of Integrals," 4th rev. ed., Ginn & Company, 

Boston, 1956, 189 pages: 

Squares; common logarithms (4-place); natural trigonometric functions (3- and 
4-place) ; logarithms of trigonometric functions (4-place) ; natural logarithms 
(5-place) ; exponential and hyperbolic functions ; probability integral ; derivatives ; 
elliptic integrals; integrals; miscellaneous constants, formulas, and conversion 
tables. 

Potin, Louis F.: " Formulas and Numerical Tables Pertaining to Circular, Hyperbblic, 
and Elliptic Functions" (Formules et tables numeriques relatives aux functions 
circulaires, hyperboliques, elliptiques), G. Doin, Gauthier-Villars & Cie, Paris, 1925, 
862 pages: 

Natural trigonometric functions (4- and 5-place) ; Bernoulli's and Euler's num- 
bers; elliptic integrals; hyperbolic functions; integrals; miscellaneous formulas 
and conversion tables. • 

Rosenbach, Joseph B., Edwin A. Whitman, and David Moscovitz: "Mathematical 

Tables," Ginn & Company, Boston, 1943, 212 pages: 

Squares, cubes, square roots, cube roots, reciprocals, common logarithms (4- and 
5-place); natural trigonometric functions (4- and 5-place); logarithms of trigo- 
nometric functions (4- and 5-place); natural logarithms (5-place); exponential 
and hyperbolic functions; probability integral; Bernoulli's numbers; Bessel func- 
tions; elliptic integrals; gamma functions ;haversines; logarithms of prime numbers 
(20-place) ; miscellaneous constants and conversion tables. 

Silberstein, Ludwik: "Synopsis of Applicable Mathematics with Tables," G. Bell & 

Sons, Ltd., London, 1923, 250 pages: 

Reciprocals; common logarithms (4-, 5-, and 6-place); natural trigonometric 
functions (4-place); logarithms of trigonometric functions (5-place); hyperbolic 
functions; probability integral; Bessel functions; derivatives; elliptic integrals; 
gamma functions; integrals; miscellaneous formulas and conversion tables; zonal 
harmonics. 

Many of these or analogous tables are incorporated as appendixes in standard 
college texts on trigonometry or general mathematics and appear in such hand- 
books as: 

Eshbach, Ovid W.: "Handbook of Engineering Fundamentals," 2d ed., John Wiley 
& Sons, Inc., New York, 1952, lv. 

Hodgman, Charles D.: "Handbook of Chemistry and Physics," 37th ed. (1955-1956), 
Chemical Rubber Publishing Co., Cleveland, 1955, 3156 pages. 
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Of a special kind, the following volume may be mentioned: 

Kober, H.: " Dictionary of Conformal Representations/ ' Dover Publications, Inc., 
New York, 1952, 208 pages. 

In view of the hundreds of published special-purpose mathematical tables, no short 
selected list is likely to be of great service in an emergency. During the depression 
of the 1930's, several large volume mathematical tables for higher functions were 
prepared under A. N. Lowan and associates as New York W.P.A. projects; additional 
tables prepared under his direction have been issued by the Bureau of Standards in 
Washington. Using high-speed digital computers, the Computation Laboratory of 
Harvard University has prepared and is issuing a series of tables of higher mathemati- 
cal functions. These and the impressive series of tables being published for the 
British Association by the Cambridge University Press (since 1931) should be avail- 
able in every science library. 

Some tables for statistics are found in: 

Burington, Richard S., and Donald C. May: "Handbook of Probability and Statistics 
with Tables," Handbook Publishers, Inc., Sandusky, 1953, 332 pages. 

Hald, Anders: " Statistical Tables and Formulas," John Wiley & Sons, Inc., New 
York; Chapman & Hall, Ltd., London, 1952, 97 pages. 

Kelley, Truman L.: "The Kelley Statistical Tables," Harvard University Press, 
Cambridge, 1948, 223 pages. 

Waugh, Albert E.: "Statistical Tables and Problems," 3d ed., McGraw-Hill Book 
Company, Inc., New York, 1952, 242 pages. 

For ready reference to modern mathematical tables (but previous to 1945), one 
should consult the extensive and definitive work: 

Fletcher, Alan, Jeffrey C. P. Miller, and Louis Rosenhead: "An Index of Mathe- 
matical Tables," Scientific Computing Service, Ltd., London, 1946, 450 pages. This 
valuable index states for each table the range, tabular interval, number of significant 
figures in the values, whether or not tables of proportional parts are given, what order 
or orders of differences are shown, and so forth. 

Information on new publications and critiques in the field appears in the periodical : 

"Mathematical Tables and Other Aids to Computation," Washington, National 
Research Council, (quarterly). 
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2a. Fundamental Concepts of Mechanics. Units and 
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2a- 1. Newtonian Concepts of Mechanics. The science of mechanics deals with the 
motion of material bodies, which ideally can be considered as made up of point par- 
ticles. In order to describe the motion of a particle three concepts are needed: a frame 
of reference, distance and time interval. These concepts are left undefined as intuitive 
concepts with sufficiently universal meanings. Distance and time intervals are meas- 
ured in terms of standards which have a wide range of acceptance, such as the standard 
meter and the sidereal day. (The important systems of units are tabulated in Sees. 
2a-8 and 2a-9.) The frame of reference consists of a reference point and a coordinate 
system (whose origin may be at the reference point) ; a reference event is necessary as 
well as a frame of reference. 

The position of a particle may be specified with respect to the reference point by 
considering a rectangular coordinate system whose origin is at the reference point. 
The position of any particle is then given in terms of the distances along the coordinate 

axes from the origin to the projection on 
these axes of the point representing the posi- 
tion of the particle. 

The location of an event in time, or the 
time of an event, similarly is expressed in 
terms of the time interval with respect to 
the reference event. The terms "time in- 
terval" and "time" are usually used 
interchangeably. 

The above concepts are usually referred 
to as Newtonian; they suffice for classical 
mechanics. 

2a-2. Kinematics — The Space-Time Re- 
lationships in the Motions of Point Particles. 
Velocity. Velocity is the rate of change of 
position with respect to time. Two types 
of velocity are commonly used, instantaneous and average. Instantaneous velocity 
is the time rate of change of position calculated pointwise, thus being a derivative. 
Average velocity is the time rate of change of position calculated as the quotient of 
a finite distance and the corresponding finite time interval. 

Velocity is a vector with components which depend in general on the coordinate 
system used. If d, e 2 , e 3 are base vectors of the coordinate system under considera- 
tion, then, for three commonly used systems : 

1 Now at Yale University. 

2 Now at RAND Corporation, Santa Monica, California. 
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Fig. 2a-l. Base vectors in rectangular 
coordinates. 
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(1) Rectangular coordinates (cf. Fig. 2a-l): 

v « eiv x + e 2 y -f e%v s 

(2) Cylindrical coordinates (cf. Fig. 2a-2): 



dx . dy , dz 
eft eft eft 



, , dr . dO . dz 



(3) Spherical coordinates (cf. Fig. 2a-3): 



dr . d$ , • „~^ 

v = dtv + e 2 ^ -f e 3 ^ = e^ + e 2 r -^ + e 3 r sin -^ 



d0 
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(2a-l) 
(2a-2) 
(2a-3) 



Acceleration. Acceleration is the rate of change of velocity with respect to time. 
Instantaneous and average acceleration may be defined analogously to instantaneous 
and average velocities; however, instantaneous acceleration, or the time derivative of 
velocity (or equivalently the second time derivative of position) is the more commonly 





Fig. 2a-2. Base vectors in cylindrical Fig; 2a-3. Base vectors in spherical 
coordinates. coordinates. 

used quantity. Acceleration is a vector with components which depend in general 
on the coordinate system used. If ei, e 2 , e 3 are the unit base vectors of the coordinate 
system under consideration, then for the commonly used systems: 



(1) Rectangular coordinates: 



a = eiax + e 2 o y + e 3 a* = ei 5^r + e « :h? + e 3 



dH 
81 W 



d?y 
l dt* 



dH 
dt* 



(2) Cylindrical coordinates: 

rd*r fde\n , T d 2 &, o drd0l 
a - e iar +e 2 ae + e z a t - ex [^-^^J J + e *[ r dp + 2 dtdi ] 

(3) Spherical coordinates: 

a - e iar + e 2 a* + e 3 a* = e x [^- 2 - r ^ - rsm* B {•%) J 



+ e 



<Pz 
l cft 2 



(2a-4) 



(2a-5) 



+ e 2 



im 






(2a-6) 



2a-3. Newtonian Dynamics of Particles—Relationship of the Motion of Particles 
to the Forces Acting upon Them. Inertial Frames of Reference. Not all frames of 
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reference are equally useful in describing the motion of a body; of all possible frames 
there is a set, called "inertial frames of reference/ ' in which particularly simple laws 
describe the motion of a particle. An intuitive definition of an inertial frame of refer- 
ence regards such a frame as being one which is "embedded in space" with respect to 
an observer; more exactly, an inertial frame of reference is one in which an .isolated 
body moves with constant velocity. It may be easily seen from Newton's second law 
of motion (below) that any inertial frame is transformed to any other by uniform 
motion in a straight line. r 

Definitions of Useful Concepts, mass: The Newtonian mass of a particle may be 
defined by considering the acceleration associated with the mutual interaction of this 
particle with a second, a test particle, when the two form an isolated system. The 
mass of the first particle is defined as a constant times the ratio of the magnitude of 
the accelerations of the second and first particles, respectively. The constant depends 
only on the choice of the second particle, and by mutual consent the constant may 
arbitrarily be set equal to unity. The second particle then represents the standard 
unit of mass, and the mass of the first is thus determined by the above-mentioned ratio 
of accelerations. This method* although having the advantage of yielding an 
unequivocal definition of mass, is not usually a practicable one and is replaced by other 
methods (e.g., the balance) in actual determinations. Implicit in this definition is the 
assumption of additiyity of masses, thus enabling the mass of a finite body, as an 
aggregate of particles, to be determined uniquely. 

density: The density of a substance is defined as the mass per unit volume of the 
substance, and is calculated from the formula 

P = m/V (2a-7) 

where p is the density, ra is the mass, V is the volume occupied by mass m.; Density 
is thus a measure of the volume concentration of mass: 

momentum: The momentum of a particle is defined as the product of its mass and 
velocity and is therefore a vector quantity. 

kinetic energy: The kinetic energy of a particle is defined as one-half the product 
of its mass and the square of its velocity, and is a scalar. 

force : The force acting upon a particle is assumed as the cause of the acceleration 
of the particle. It may be defined as that vector function which, in magnitude and 
direction, equals the time rate of change of momentum of the particle. Thus 

F = ^ (mv) ' (2a " 8) 

where F represents the force, and m and v are the particle mass and velocity, respec- 
tively. 

This force depends in general not only on the particle in question but also on the 
nature of other particles in, and properties of, the system of which the original particle 
is a part, the mutual separations and velocities Of the particles and possibly of the time. 
Although force has been defined so far Only for a particle, the definition may be 
extended to finite distributions of matter by considering infinitesimal portions as 
particles and integrating. 

Newton's Laws. The dynamics of particles situated in an inertial frame of reference 
is governed by Newton's three laws of motion. The extension of these laws to a non- 
inertial frame is, in principle, immediately forthcoming by considerations of the 
accelerations of the noninertial frame with respect to an inertial one; thus Newton's 
laws govern the dynamics of particles when Newtonian concepts are valid. Newton's 
laws are as follows: 

1 : A particle, not under the actibn of a force; will maintain its velocity unchanged 
in magnitude arid direction. 
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2. A force i acting on a particle causes a change of momentum of the particle, the rate 
of change of momentum being vectorially equal to the force. 

3. If one particle exerts a force on a second, then the second exerts a force, equal in 
magnitude but opposite in direction, on the first. 

Statics. The branch of dynamics which deals with particles undergoing no accelera- 
tion is termed "statics," We see from Newton's second law that, in this case, 

F = (2a-9) 

where F refers to the vectorial sum of all the forces acting on the particle. 

Noninertial Dynamics. At times it is convenient to consider the dynamics of a 
particle in a ; noninertial frame, e.g ? , motion relative to rotating or other moving axes. 
There will then be an apparent force acting on the particle which is the difference 
between the Newtonian force (that acting in the* inertial system) and the inertial force 
mao, where ao is the acceleration of the noninertial system with respect to the inertial 
frame. Symbolically, Fd == F •— : tfiao, where Fd is the apparent force, and F is the 
Newtonian force. We can set F d = ma d where a<f is the acceleration of the particle 
with respect to the noninertial frame. 

d'alembert's principle: Often it is advantageous to choose a noninertial system 
such that Fd = 0; the dynamical problem in the noninertial system then reduces to a 
statical one. That such a noninertial system can be chosen is <one statement of 
D'Alembert's principle. * .:>:;:,: 

inertial forces^-centrifugal and goriolis forces: The difference between the 
Newtonian force and the apparent noninertial force can be termed the "inertial force;" 
Centrifugal and Goriolis. forces are two commonly occurring examples of such inertial 
forces. The centrifugal force is given by 

f,=coX(wXr) (2a-10) 

where o is the instantaneous angular velocity of the moving axes about the axis of 
rotation and r is the position vector of the particle with respect to the moving axes. 
The Coriolis force is given by 

f c = 2w X v: (2a-ll) 

where to has the same meaning as above and v is the apparent velocity of the particle 
with respect to the moving axes. 

Conservation of Momentum, impulse-momentum theorem : The impulse of a force 
acting between times U and t\ is defined' by 



$ 



f h 'Fdt (2a-12) 

J to 



From Newton's second law, the impulse of the total force acting on a particle during 
some time interval is equal to the change in the momentum of the particle during the 
time interval, i.e., 

= mvi — ravo (2a-13) 

conservation of momentum: When the total force acting upon a particle is zero, 
the momentum of the particle is a constant; this follows directly from the impulse- 
momeiitum theorem. 

Conservation of Energy, work-energy theorem: The work done on a particle by 
a force acting during the displacement of a particle from position P to position Pi is 
defined as 

W .".- [ Pl ¥-ds (2a-14) 
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where da is an infinitesimal displacement along the path of the particle. From 
Newton's second law the work done by the total force acting on a particle during some 
displacement of the particle is equal to the change in kinetic energy of the particle: 

W = im*/i* - |m« 2 (2a-15) 

potential energy: If the work done by a force acting on a particle does not depend 
upon the path of the particle, but only on the initial and end points of its motion, we 
call the force a "conservative force." The condition for a force to be conservative is 
that its curl shall vanish, i.e., 

VXF = (2a-16) 

If the force is conservative, we may define a potential-energy function of position V 
such that 

F - -V7 (2a-l7) 

conservation of energy: If the total force acting upon a particle is conservative, 
the sum of the kinetic and potential energies is a constant; this follows from the work- 
energy theorem and the definition of the potential energy: 

\mv* + V(x,y,z) - U (2a-18) 

where 17, the total mechanical energy, is a constant. 

2a-4. Dynamics of Systems of Particles. In examining the dynamics of a system 
of point masses, consider JV point particles, each of mass m if where i = 1, 2, . . . , N. 
The total force acting on ra» due to m,- is F»/; in addition, a total external force F< acts 
on m,\ At any time t, ra»- has a position r*, a velocity r»-, and an acceleration r<, all 
relative to some inertial frame. (The dots denote differentiation with respect to 
time.) 

Definition of Useful Concepts, center of mass: The position of the center of mass 
of the above system is given by 

N 

y rrtiti 
R = *=± (2a-19) 

»-l 

moment of momentum: The moment of momentum of the ith particle in the above 
system is defined as 

U = r, X mil (2a-20) 

The total moment of momentum of the system is 

N N 

L = V L» = y mi(u Xii) (2a-21) 

If the collection of particles is a rigid body, the moment of momentum is called the 
"angular momentum" (cf. Sec. 2a-5). 

torque (moment of force) : The torque due to a force F» acting on the ith particle 
in the above system is defined as 

Ti - r* XF, (2a-22) 

JV 
The total torque acting on the system is T = \ ^». (The force F< includes forces 

i = l 
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externally applied to the particle, as well as internal forces of interaction among the 
particles of the system.) 

Application of Newton's Laws. We may apply Newton's second law to each particle 
of the system, and obtain 

rmu = Ft* + F/ (2a-23) 

where F<*' = S, V i F t; - is the total internal force acting on ra» (due to all other particles), 
and F» e is the external force on the i th particle. 

If we sum over all particles of the system, we obtain, by use of Newton's third law, 

N 

F>< = (2a-24) 

motion of the cbnter of mass: The analogue of Newton's second law for the entire 
system is therefore 

N 

Mft - £ F<« (2a-25) 



I 



= 1 



N 
where M = V m» is the total mass of the system, ft is the acceleration of the center 

i = i 
of mass of the system, and 2» F»« is the total external force. 

moment of momentum and torque: By forming the cross product of both sides of 
Eq. (2a-23) with u and summing over alLparticles we can show that 

£ £ [r< X (***«)] = J T <* = Te (2a " 26) 

provided that the internal force F,y acts along the straight line connecting the particles 
i and j in each case. 

In particular, if r ic is the position of the ith particle with respect to the center of mass, 

so that 

Uc = U - R 
it follows from Eq. (2a-26) that 

N N 

I Y t ie Ximtic) = £ t ie X F« (2a-27) 

That is, the time rate of change of the moment of momentum is equal to the total exter- 
nal torque when both are taken with respect to the center of mass. The above equa- 
tion is also true if the center of mass is replaced by any point moving with the velocity 
of the center of mass, which may, of course, also be at rest. 

Conservation of Momentum. It follows from Eqs. (2a-25) and (2a-26) that 

1. If the total external force is zero, the linear momentum of the center of mass is 
constant. 

2. If the total external torque about a fixed point, or one moving with velocity of 
the center of mass, is zero, the moment of momentum about that point is constant. 

Conservation of Energy, work-energy theorem: The total work done by the 
external and internal forces acting on the system is equal to the change in the total 
kinetic energy of the system (the sum of the kinetic energy of each article) 
N N 

i V mi ^ - J*) = y f r / (F<- + F,9 • d* (2a-28) 
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where v f , v^ are the velocities of the ith particle at position r t - and r/, respectively, and 
Ft 1 ' = 2/^i F l? is the total internal force acting on the ith particle. 

conservation of ENERGY: If the internal and external forces are conservative, so 
that they can be derived from potentials, 

Ft* = -VTV and F^ = -VTV (2a-29) 

then the sum of the kinetic and potential energies of all the particles is a constant 

N 

y (hrnvi* + Vs f VS) = U (2a-30) 

i = i 

where C7 is the total energy of the system. 

2a-5. Dynamics of Rigid Bodies. Definitions of Kinematical Concepts. A rigid 
body is an aggregate of particles the distance between any two of which remains con- 
stant. The position of a rigid body in any frame of reference is completely deter- 
mined by fixing the position of three noncollinear points. This means that the 
number of degrees of freedom of the rigid body is six. There are two principal types 
of motion of a rigid body: (1) translation, in which all particles move with the same 
velocity and acceleration in parallel paths, and (2) rotation, in which some point or line 
of points (axis) remains fixed in space. Every motion of a rigid body can be considered 
as a combination of translations and rotations. 

The instantaneous angular velocity o is the primary quantity .descriptive of the 
kinematics of a rigid body. This is a vector lying along the instantaneous axis of 
rotation and having the magnitude such that its cross product with the position 
vector rp of any point P of the rigid body relative to an origin on the axis yields the 
velocity of the point P f Symbolically 

v P = r P = <o X r P (2a-31) 

The angular velocity can always be resolved into rectangular components (* x , u yi ca z , 
i.e., : 

co = iw x + fay + kco* (2a-32) 

Angular acceleration is the time rate of change of angular velocity, i.e. (to use the 
dot notation), _. 

a = co (2a-33) 

Dynamical Concepts and Equations of Motion. The total moment of momentum L 
of the rigid body with respect to some fixed origin of coordinates either inside or out- 
side the body [cf. Eq. (2a-20)J is called the angular momentum of the rigid body about 
the origin. By expansion of the summand in Eq. (2a-21) after employing Eq. (2a-31) 
there results . >, 

L = i(cO x I xx — 0) y I X y — OJzIxz) 

., + j(.— UxlyX 4" Wylyy — 0) Z Iy Z ) 

. ... -+.k.(— «a?J V x — Oiylzy -J" 0> Z I ZZ ) (2a~34) 

Where I xx , I vv , I zz are called the " moments of inertia" of the rigid body about the 
x, y, z axes, respectively, and I xy , l yz , I xz , etc., are called "products of inertia." We 
have •.'■'■■!:■.■'.'■.:■.'.■.:.!■ 

I xx = Smt(^ 2 + Zi 2 ) etc. 
. I xy ~ XntiXiVi etc. V*r6t» 

By proper choice of axes (called "principial" axes) the products of inertia can be made 
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to vanish. If we write 

J M --Affi*' (2a-36) 

where «' - **%* ^ ,^ 

and M is the total mass of the rigid body, R is termed the " radius of gyration ".about 
the a; axis. 

The fundamental equation of motion (Newton's second law) of the rigid body about 

a fixed origin is. ■• ■■ ' ^ 

I = T (2a-38) 

where T is the total torque about the instantaneous axis through the fixed origin. 
If the fixed origin is chosen as the center of mass, the total motion is obtained by super- 
posing the trahslational motion of the center of mass on the rotational motion about 
the center of mass, 

Static Equilibrium. A rigid body is in translational equilibrium if its center of mass 
moves with constant velocity in an inertial frame. It is in rotational equilibrium 
about any point if the resultant torque about the point vanishes. This means t = 
and corresponds to conservation of angular momentum. The behavior of a rigid body 
under these conditions is the subject matter of rigid statics. 

Moving Axes. Euler's Equation. For axes fixed in space, <o and the moments and 
products of inertia in general change with time as the rigid body moves. Simplifica- 
tion often results by using axes fixed in the body, since then T XXi l xyi etc., remain 
constant. Then, for motion about' a fixed point the axes rotate, and we have 

L*&+j£v+A+^XL ^ (2a-39) 

where L x , L y , L t are the cpmponents of angular momentum about the moving axes 
and <a is the instantaneous angular velocity of the body about; the instantaneous axis 
of rotation! If we choose principal axes the equation of motion (2a-38) becomes 

• : T = VJxx&x + {Izz "— lyy^y^z] '"'.'' 

' !i -f- $Jvv<*v + (Ixx — Izz)o) z w x ] 

4- Wzz*z + ( Tyy - rxx^xCOy] \ (2a-40) 

This is Euler's equation. The three component equations to which it reduces are 
usually called Euler's equations. , ;: J 

Kinetic Energy. Work-Energy Theorem. ;If a rigid body has one point fixed ^n 
space and the angular momentum about this point is L, while the angular velocity 
about an instantaneous axis through the point is w, the kinetic energy of rotational 

motion is \ ■■■•-',« ^ n 

K-fWh ( 2a ' 41 ) 

The work done by the resultant torque T about the fixed point in time dt is 

dW - T-<*dt (2a-42) 

measured with respect to axes fixed in the body. Since 

' > "' : ; i "' ,, ^..©..•*.- : ^;../V : ' : .' (2a-43) 

it follows that the work done by the resultant torque in any time interval is equal to 
the change in kinetic energy of rotation during this same interval. 

Total Energy. The total kinetic energy of a rigid body is the sum of the kinetic 
energy of translation of the center of mass (assuming all the mass to be concentrated 
there) and the kinetic energy of rotation about the center of mass. The total potential 
energy is the sum of the potential energy of the center of mass (with all the mass, con- 
centrated there) due to the external forces acting on the body and the potential energy . 
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of all the particles of the body due to the internal forces of cohesion that hold the body- 
together. If the body remains really rigid throughout its motion, the last-named 
potential energy remains constant. With this understanding, the law of conservation 
of energy of a rigid body is phrased as precisely as that in the case of a particle. 

2a-6. Dynamics of Deformable Media. General Concepts of Strain and Stress. 
Whenever an extended medium moves in such a way that the distance between any 
two particles constituting the medium changes, the medium is said to be deformed. 
Deformations are of two general types: (1) dilatational or extensional, in which a 
change in the density of the medium takes place (change in the size, if the medium 
is finite) and (2) shear, in which a change in the shape alone takes place. The corre- 
sponding fractional deformations (nondimensional quantities) are termed strains. 
Thus the dilatational strain is the negative of the change in density divided by the 
mean density. The extensional strain (in the case of a rod, string, or other linear 
medium) is the change in length divided by the mean length. The shear strain is the 
difference in displacement of two parallel planes in the medium divided by the per- 
pendicular distance between them. 

When a medium is deformed by the application of external forces, the dynamics of 
the deformation is best described in terms of internal stresses which are assumed to 
change with the deformation. A stress is a force per unit area with which the part 
of the medium on one side of an imaginary surface acts on the part on the other side. 
If the force is normal to the surface, the stress is dilatational; if the force is parallel 
to the surface, the stress is a shear. The stresses associated with deformations are 
strictly excess stresses (i.e., the change in stress produced by the application of the 
external force). The adjective is normally omitted. 

Elastic Media. Hooke's Law. If when the deforming forces are removed a medium 
reverts to its original condition, it is said to be elastic. In such media the ratio of 
stress to strain is approximately a constant for a Certain range of stress variation. 
This is Hooke's law. For all solid media the imposition of a sufficiently large deform- 
ing force leads to a breakdown of this linear relation; i.e., they possess an elastic limit 
(cf. Sec. 2f). Indeed even larger deforming forces may cause the solid to flow (strain 
dependent on time) and it becomes plastic. Even elastic substances do not always 
return immediately to their original condition after the removal of the deforming force 
(elastic lag or relaxation). Fluids can experience change of state under sufficiently 
high stresses. 

For an elastic medium for which Hooke's law holds it is possible to define elastic 
moduli, i.e., ratios of stress to strain. Thus, 

Compressional stress , , „ 

y olume strain = * = bulk modulus or modulus of volume elasticity 

Tensile stress T . A _ , , , 

Linear strain = Y = Youn * s modulus 



Shearing stress , ' , 

Shear stmin = » " shear modulus or rigidity 



Shear strain 

The deformation of a homogeneous isotropic elastic medium can be completely 
described in terms of these three moduli. A fourth, Poisson's ratio <r, is usually added 
This is the reciprocal of the ratio of linear extensional strain in a wire or rod to the 
concomitant lateral contractional strain. The following relations hold among the 
moduli: 

Y = 3&(1 - 2a) ^ 2/*(l + *)' 

Y » 9A * (2a-44) 

Evidently for such media 

-.1 < <r < % (2a-45) 
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General Stress and Strain Expressions for an Arbitrary Medium. If the displaoemewt 
from its equilibrium position of any particle of a deformable medium & denoted ?bjr 
the vector 

A =i£ + fo+kr (2M*6) 

where the displacement components £, tj, f are in general functions of both space and 
time, the effective strain is denoted by the covariant tensor of the second order written 
in matrix form as follows: 



1 dt/dx, i(dv/dx + dt/dy), i(dS/dx + dtfdz) 

D = U(dii/dx + dt/dy), d V /dy,i(dri/dz + df/dy) 

|i(di:/aa? + dt/dz), l(d?/0y +dr,/dz), d{/dz 

This is often written in the abbreviated symbolic form 



D 



I &XX) ^e xy , "g^xz 
J ~%e X z, ^&yz} &zz 



(2a-47) 



(2a-48) 



The diagonal elements in this matrix are dilatational strain components, whereas the 
nondiagonal elements are shear strain components. 

The total stress in a deformable medium is most adequately expressed in terms 
of the stress tensor S which is represented by the following matrix: 



■X-Xf Xy, JCz 

I X xy * yt •*« 
Z Xi Z y , Z z 



(2a-49) 



Here X x = tensile stress in x direction on surface normal to x axis 
X y = shear stress in y direction on surface normal to x axis 
X z = shear stress in z direction on surface normal to x axis 
etc. 
It should be noted that the stress tensor is symmetrical, i.e., X y — Y x , etc. The same 
is true of the strain tensor (e zx = e XZ) etc.). 

Hooke's Law in Tensor Form for a Homogeneous, Isotropic Elastic Medium. For this 
case Hooke's law takes the form 

S - 2fjiD + XD' (2a-50) 

where m is still the shear modulus, and X = k — 2/*/3. D' is the diagonal tensor. 



with 



D' = 



G - e x 















e 











o| 


+ 


Cyy 


+ ti 



(2a-51) 
(2a-52) 



Hooke's Law for an Arbitrary Crystalline Medium. If the medium is a crystal with 
different properties in different directions, Hooke's law takes the form of the following 
linear equations expressing the strain components in terms of the stress components. 



e xx ~ SiiXx + SizYy •+- SizZ z + SuYz + SibZ x ■+- Si%X y 
e yy ==* S2iX x •+• S22Y y -f* SzzZz "f* S24YZ ■+ S2bZ x + SitXy 
e zz =* SziX* 4* S^Yy H- SmZ z + SziY z + SssZx 4- Sz&X y 
t z % == SaiX x + SiiYy 4- SasZz 4- 8uY M + S^Z X 4- S*sX y 
e tv - SnX. +.jS M r,r -h/SwZ. + S M Y, + S b5 Z x + tfuX, 

C»y — ^SftlXa; + /S»62^y 4* Sm%z 4~ $64^* 4" $65.2* 4" $66-Xy 



(2a-53) 
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The 36;<^effieie*il$ Sin Sit, * • • »■'&£ . . . , $66 are called the "elastic constants." 
Hi the above linear Equations are solved for the stress components in terms of the strain 
components, the corresponding coefficients C»y are called "elastic coefficients." It 
can be shown that, for any u it Cn = Cn and ■.&/ .#= £/*•. 
For a cubic crystal the elastic coefficient matrix reduces to 



C = 



Cn 


Ci2 


Ci2 











Cl2 


Cu 


Cl2 











Cl2 


Cn 


Cn 




















Cu 




















W4 




















'c< 



(2a-54) 



Moreover for a cubic crystal C 44 = l/£ 44 . The bulk modulus in this case is given by 

.*- - u y U <A (2a-55) 

Equation of Motion of a Deformed Homogeneous Isotropic Elastic Medium. The 
equation of motion of such a medium of density p, in which the displacement from 
equilibrium is the vector A ; takes the form 

pA = ^+|)vV-A- M VXVA (2a-56) 

If V X A ~ this is the equation of irrotational waves traveling with velocity 



* -. V' 



* +4 " /3 (2a.57) 



If V A =0, this is the equation of solenoidal waves traveling with velocity 



7 - = ^ 



(2a-58) 



2a-7. Fluid Dynamics. General Concepts. Fluids in Equilibrium. A perfect fluids 
is a deformable medium in which deforming forces give rise only to dilatations and 
never to shears. This is an ideal concept and is realized only approximately for actual 
fluids. Gases manifest the property more nearly than liquids, though both are nor T 
mally considered to be fluids. Liquids can present under many circumstances the 
phenomenon of a free surface. 

The dilatational stress in the case of a fluid is termed the pressure, which is the 
force per unit area directed against any surface imagined to exist in the fluid. A 
perfect fluid in equilibrium under the influence of an external force F acting on unit 
mass is subject to the relation 

pF — Vp (2a-59) 

where p is the pressure (here treated for simplicity as a scalar since it acts normally, to 
every surface when the fluid is in equilibrium) and p the density, all quantities being 
considered as functions of space alone. The solution of this equation for given F gives 
p as a function of position in space and yields Pascal's law of the transmissibility of 
pressure in a fluid in equilibrium. From this also follows at once the principle of 
Archimedes that any fluid in equilibrium exerts on a body immersed in it a buoyant 
force equal in magnitude to the weight of the fluid displaced by the bady and directed 
upward through the center of gravity. 
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Flow Concepts. Equations of Continuity. In the Eulerian system to which this 
review is confined the flow velocity of a fluid is the vector v whose magnitude at any 
point and at any time is the volume flow per unit time per unit area placed normal 
to the direction of flow, the latter being the direction of v. This Quantity is a function 
of both space and time. In any continuous indestructible fluid of density # containing 
no sources or sinks v obeys the so-called equation of continuity ;>;,• ■■■*■? ■-..:? •: 

v .(pv) = -p ( 2a " 6 °) 

where it is to be noted that p also is a function of space and time. For a homogeneous 
incompressible fluid this equation reduces to 

V-v = I; (2a-61) 

i.e., v is a solenoidal vector. If further v is irrotational, so that V X v = 0, it follows 

that .^ „ rtN 

v - V</> <2a~62) 

where <*> is a scalar potential, called the "velocity potential" and the equation of con- 
tinuity reduces to Laplace's equation 

V 2 <*> = (2a-63) 

Equation of Motion. Bernoulli's Principle. The vector equation of motion of a 
compressible fluid of density subject to an external force F is 

v+VW-F-^ (2a-64) 

P 

where p is the pressure. „.<.„,,., 

For irrotational flow in a conservative: force field (F = -W) it follows from the 

equation of motion that 

% p v* + P V + p '- const (2a-65) 

which is the principle of Bernoulli. It can also be shown that, even if the flow is not 
irrotational, as long as it is steady and in streamlines, so that v does not depend on the 
time the above equation of Bernoulli will still hold as one proceeds along any given 
streamline, though the constant will in general be different for different streamlines. 
Viscous Fluids. In contrast to a perfect fluid in which no shearing strains can exist, 
a viscous fluid is one in which the part of the medium flowing in one layer exerts a 
tangential or shearing stress on that flowing in the same direction in an adjacent layer. 
In the simplest type of viscous flow the tangential force is proportional to the velocity 
gradient normal to the layer and the coefficient of proportionality is called the vis- 
cosity tj. Specifically 

shearing stress (2a-66) 

v velocity gradient normal to flow 

The analogy between this relation and that defining the shear modulus for an elastic 
medium is obvious, the difference being that here the denominator is the rate of change 
of shear strain instead of the strain itself. The suggestion is immediate that the 
discussion of viscous flow can develop along the lines of the analysis of the behavior of 
defbrmable media in general (cf . Sec. 2a-6). This is indeed the case; it makes pressure 
appear as a tensor (analogous to the stress tensor). See also Sees. 2o, 2v, 2y. ^ 

A solid moving through a viscous fluid encounters increased resistance because of the 
viscosity The simplest case is that in which a sphere of radius a moves through a 
fluid of viscosity v with constant velocity v. The resisting force is then given by 

Stokes' law /0 __ 

F =&rvav (2a-67) 
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Surface Tension in Liquids. This is the force per unit length y in the surface 
separating a -.liquid .from- the material surrounding it. Details concerning this as well 
as numerical values will be found in Sec. 2p. 

Surface Waves in Liquids. When the free surface of a liquid is deformed, the forces 
acting on the deformed elements are primarily surface tension and gravity. The 
velocity of the resulting surface wave, if it is harmonic and has wavelength X, is 

"-V(£+ 3 £)t«*¥ <*a-68) 

where g is the acceleration of gravity, p the density, y the surface tension, and I the 
depth of the liquid. For a relatively shallow liquid, for which I « X, and the surface 
tension not very large, we have 

V - Vgl (2a-69) 

If the liquid is relatively deep, or I 2> X, 



^Vg+^ (2a-70) 

For long waves 



while for ripples (small X), surface tension predominates and 



■fe-vfe 

Vfcx 



Compressional Waves in Fluids. The combination of the equation of motion 
(2a-64), the equation of continuity (2a-60), and the equation of state of the fluid, i.e., 
the relation connecting change in density with change in pressure, leads to the wave 
equation for compressional waves traveling with velocity 



vf 



(2a-71) 



The values of V for gases and liquids will be found in Sec. 3. 
2a-8. Fundamental Units 

Circular Mil. Area of circle whose diameter is 0.001 in. 

Day. Period taken for one revolution of earth about its axis. 

Degree. Angle subtended at the center by a circular arc which is -^ of the 
circumference. 

Hour, -g^- part of day. 

Light-year. Distance traveled by light in 1 year at rate of approximately 186 X 
10 3 miles/sec. 

Minute. ^V part of hour. 

Radian. Angle subtended at the center by a circular arc which is equal in length 
to radius of circle. 

Second. ^ part of minute. 

Steradian. Solid angle subtended at the center by l/4x of the surface area of a sphere 
of unit radius. 

Year {Sidereal). Time taken by sun (as seen from earth) in leaving and returning 
to meridian of a given star. 
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Year (Tropical, Mean Solar). Time taken by sun (as seen from earth) in leaving 
and returning to the same equinox. 

2a-9. Derived Units 

Atmosphere. Pressure exerted by air at sea level under standard conditions. 

British Thermal Unit (Mean). Energy required to raise temperature of 1 lb mass of 
water 1°F (averaged from 32 to 212°F). 

Calorie (Mean). Energy required to raise 1 g mass of water 1°C (averaged from 
OtolOO°C). 

Centimeters of Hg at 0°C. Pressure exerted by column of Hg of stated height 
at 0°C. 

Dyne. Force necessary to give 1 g mass acceleration of 1 cm /sec 2 . 

Erg. Work done by force of 1 dyne applied over distance of 1 cm. 

Feet of Water at 4°C. Pressure exerted by column of water of stated height at 4°C. 

Kilowatthour. Work done in 1 hr at power level or rate of 10 3 watts. 

Newton. Force necessary to give 1 kg mass acceleration of 1 m/sec 2 . 

Poundal. Force necessary to give 1 lb mass acceleration of 1 ft /sec 2 . 

Watt. Rate of doing work, or power expended, in the amount of 10 7 ergs/sec. 

Table 2a-l. Units and Conversion Factors, Length 





Angstrom 


Centimeter 


Fathom 


Foot 


Inch (U.S.) 


Kilo- 
meter 


Light-year 




1 

108 


10-8 
1 


1 
0.1667 


3.281X10-1° 
3.281 X 10-* 

6 

1 
8.333 X 10"* 
3.281 X 10 3 


3.937 X 10-» 
0.3937 
72 
12 

1 


10-" 
10-« 

1 
9.46 X 10 1 * 
10-8 

1.609 








Fathom 




Foot 




30.48 
2.540 

105 




Inch(U.S.) 


2.540 X 108 




Kilometer 


1.057 XlO-w 
1 


Light-year 








10" 
10* 


10* 

io-« 

2.540 X 10-3 


0.5468 


3.281 


39.37 
3.937 X 10-6 

10-8 
6.336X10* 
3.937 X 10-* 

36 


Micron 




Mil 








Mile (statute) 






5.280 X10 3 


1.69X10-^" 


Millimeter 




io-i 

10-7 
91.44 






10 




3 




Yard (U.S.) 













Meter 


Micron 


Mil 


Mile (statute) 


Millimeter 


Milli- 
micron 


Yard (U.S.) 


Angstrom 


lO-io 

10-* 
1.829 
3048 

103 

1 

10-» 


io-< 

10* 

1 
25.40 

103 

10-3 


3.937X10-« 
3.937 X 10* 




10-7 

10 


io-i 

10 7 

10» 
103 

1 


1.094X10-10 
1.094 X 10-* 

2 

0.3333 
2.778 X 10-* 
1.094X103 

1.094 


Centimeter 




Fathom 




Foot 


103 


1 894X10-* 
1.578X10-8 

0.6214 
5.9X101* 
6.214 X 10"* 




Inch;(U.S.) 

KiJniriptpr 


25.40 


Light-year 

Meter 




Micron 


3.937 X 10-* 
1 

39.37 


10-3 
2.450 X 10* 


Mil.. 






Mile (statute) 


1.609 X 10 3 
10-3 
10~» 
0.9144 


1 


1.760X103 


Millimeter 


1 


Millimicron 






Yard(U.S.).... 




5.682 X 10"* 




1 


: 
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2b. Density of Solids 

H. M. TRENT AND D. E. STONE 
Naval Research Laboratory 

R. BRUCE LINDSAY 
Brown University 



For the definition of density p consult Sec. 2a-2. The cgs unit of density is the gram 
per cubic centimeter and this is used throughout the tables in this subsection. 

Densities of the elements in solid form are given in Table 2b-l. All data are taken 
from "Smithsonian Physical Tables" (9th revised edition, 1954) unless otherwise 
stated. The values marked * are calculated densities from X-ray crystallographio 
data at room temperature and are taken from International Critical Tables (1926) . 
All others are measured values for polycrystalline condition, save when otherwise 
stated. Standard room temperature is understood, unless otherwise stated. 



Table 2b-l. Density op the Elements 


in Solid Form 


Element 


Physical state 


Density, 
g/cm 3 


Temp., 
°C : 


Aluminum 


Commercial hard-drawn solid 

Single crystal 

Vacuo-distilled solid 

Single crystal 

Solid 

Single crystal 

Crystallized solid 

Single crystal 

Solid 

Solid 

Single crystal 

Vacuo-distilled solid 

Single crystal 

Crystallized solid 

Solid 

Vacuo-distilled solid 

Single crystal 

Solid 

Single crystal 

Diamond 


2.70 

2.692* 

6.62 

6.73* 

1.65 

1.645* 

5.73 

5.75* 

3.5 

1.85 

1.83* 

9.78 

9.86* 

2.535 

4.2 

8.65 

8.56* 

1.55 

1.54* 

3.52 


20 


Aluminum . 


Antimony 


20 


Antimony 


Argon 


-233 

-253 

14 


Argon 


Arsenic 


Arsenic. 


Barium . 


20 
20 


Beryllium 


Beryllium 


Bismuth 


20 


Bismuth 


Boron 




Bromine 


-273 
20 


Cadmium 


Cadmium 


Calcium 


20 
20 


Calcium 

Carbon. . 
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Table 2b-l. Density of the Elements in Solid Form (Continued) 



Element 



Carbon 

Cerium 

Cerium 

Cerium 

Cesium 

Chlorine 

Chromium 

Chromium 

Cobalt 

Cobalt 

Columbium . . . 
Copper. . . . 

Copper 

Erbium 

Fluorine 

Gallium 

Germanium . . 
Germanium . . . 
Gold..... ■:... 

Gold... 

Gold......... 

Hafnium 

Hafnium 

Helium 

Hydrogen 

Indium 

Indium 

Iodine. 

Iridium 

Iridium 

Iron 

Iron. . . .... . . . 

Krypton 

Lanthanum . . . 

Lead 

Lead., . 

Lithium 

Lithium 

Magnesium . . . 
Magnesium . . . 
Manganese . . . 
Manganese . . . 

Mercury 

Molybdenum . 
Molybdenum . 
Neodymium . . 



Physical state 



Graphite 

Solid 

Cubic crystal 

Hexagonal crystal 

Solid 

Solid 

Solid 

Crystal 

Solid 

Cubic crystal 

Solid 

VacuQ-distilled solid 

Single crystal 

Solid 

Solid 

Solid 

Solid 

Single crystal 

Vacuo-distilled solid 

Cast 

Single crystal 

Solid 

Single crystal 

Solid 

Solid 

Solid 

Single crystal 

Solid 

Solid 

Single crystal 

Pure solid 

Single crystal Fe-a 

Solid 

Solid 

Vacuo-distilled 

Single crystal 

Solid 

Single crystal 

Solid 

Single crystal 

Solid 

Single crystal Mn-a 

Solid 

Solid 

Single crystal 

Solid 



Density, 
g/cm 3 



2.25 
6.90 
6.90* 
6.73* 
1.873 
2.2 
7.14 
7.22* 
8.71 
8.67* 
8.4 
8.933 
8.95* 
4.77 
1.5 
5.93 
5.46 
5.38* 
18.88 
19.3 
19.4* 
13.3 
11.3* 

0.19 

0.763 

7.28 

7.43* 

4.94 
22.42 
22.8* 

7.86 

7.92* 

3.4 

6.15 
11.342 
11.48* 

0.534 

0.534* 

1.74 

1.71* 

7.3 

7,21* 
14.193 

9.01 
10.20* 

7.00 



Temp., 
°C 



20 
20 



20 

-273 

20 

21 

20 
20 



-273 
23 



20 
20 

20 

-273 
-260 



20 
17 



-273 
20 
20 
20 



-38.8 
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Table 2b-l. Density of the Elements In Solid Form (Continued) 



, Element 



Neon 

Nickel 

Nickel 

Nitrogen 

Osmium 

Osmium 

Oxygen 

Palladium 

Palladium 

Phosphorus . . . 
Phosphorus. . . 
Phosphorus. . . 

Platinum 

Platinum. . ... . 

Potassium. . . . 

Praseodymium 

Radium 

Rhenium 

Rhodium 

Rubidium 

Ruthenium 

Samarium 

Scandium 

Selenium 

Selenium 

Silicon 

Silicon 

Silver 

Silver 

Sodium 

Sodium 

Strontium 

Sulfur 

Sulfur 

Sulfur 

Tantalum 

Tantalum 

Tellurium 

Tellurium 

Thallium 

Thallium 

Thorium 

Thorium 

Tin 

Tin 

Tin 



Physical state 



Solid 

Solid 

Single crystal 

Solid 

Solid 

Single crystal 

Solid 

Solid 

Single crystal 

Solid, white 

Solid, red 

Solid, black 

Solid 

Single crystal 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Solid 

Single crystal 

Solid crystal 

Single crystal 

Vacuo-distilled 

Single crystal 

Solid 

Single crystal 

Solid 

Solid, rhombic 

Solid, monoclinic 

Single crystal 

Solid 

Single crystal 

Solid, crystal 

Single crystal 

Solid 

Single crystal 

Solid 

Single crystal 

Solid, white tetragonal 

Solid, white rhombic 

Solid, gray 



Density, 
g/cm 3 



1.204 

8.8 

9.04* 

1.14 
22.5 
22.8* 

1.568 
12.16 
12.25* 

1.83 

2.20 

2.69 
21.37 
21.5* 

0.87 

6.48 

5(?) 
20.53 
12.44 

1.53 
12.1 

7.7-7.8 

3.02(?) 

4.82 

4.86* 

2.42 

2.32* 
10.492 
10.49* 

0.9712 

0.954* 

2.60 

2.07 

1.96 

2.02* 
16.6 
17.1* 

6.25 

6.26* 
11.86 
11.7* 
11.00 
12.0* 

7.29 

6.55 

5.75 



Temp., 



-245 
-273 
-273 



20 
20 



20 
19 



20 
20 
20 



17 

20 
20 
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Table 2b-l. Density of the Elements in Solid Form (Continued) 



Element 


Physical state 


Density, 
g/cm 3 


Temp.. 


Tin...;, 

Titanium 


White single crystal 
Solid 

Single crystal 
Solid 

|Single crystal 
Solid 
Solid 

Single crystal 
Solid 

Solid, vacuo-distilled 
Solid 

Single crystal 
Solid 
Single crystal 


7.30* 
4.5 
4.58* 
19.3 
19.3* 
18.7 
5.87 
5.98* 
3.8 
6.92 
4.32 
7.04* 
6.44 
6.47* 


18 


Titanium 

Tungsten 

Tungsten 

Uranium 

Vanadium 

Vanadium v. 

Yttrium . 


13 
15 


Zinc 


20 


Zinc 


-273 


Zinc 




Zirconium 




Zirconium , 





DENSITY OF SOLIDS 
Table 2b-2. Density of Common Solids at 20°C* 



2-21 



Substance 



Agate 

Amber 

Anthracite .... 

Aragonite 

Asbestos 

Basalt 

Beeswax 

Beryl...... . . 

Bone 

Brick 

Butter 

Calcite 

Camphor. 

Cauotchoric . 

Celluloid 

Cement, (set) . . 

Chalk........ 

Charcoal, oak. . 

Charcoal, pine. 

Cinnabar. ... 

Clay,.,. 

Coal, soft 

Coke. ...... . . , 

Cork... ...... 

Cork linoleum , . 

Corundum 

Dolomite. 

Ebonite 

Emery 

Feldspar . . . 

Flint 

Fluorite 

Garnet 

Gelatin 

Glass, common. 

Glass, flint 

Glue 

Granite 

Graphite 

Gum arabic .... 



Density, 
g/cm 3 



Substance 



2.5-2.7 

1.06-1.11 

1.4-1.8 

2.93 

2.0-2.8 

2.4-3.1 

0.96-0.97 

2.69-2.7 

1.7-2.0 

1.4-2.2 

0.86-0.87 

2.71 

99 

0.92-0.99 

1.4 

2.7-3.0 

1.9-2.8 

0.57 

0.28-0.44 

8.12 

1.8-2.6 

1.2-1.5 

1.0-1.7 

0.22-0.26 

0.55 

3.9-4.0 

2.84 

1.15 

4.0 

2.55-2.75 

2.63 

3.18 

3.15-4.3 

1.27 

2.4-2.8 

2.9-5.9 

1.27 

2.64-2.76 

2.30-2.72 

1.3-1.4 



Gypsum 

Hematite 

Hornblende 

Ice 

Ivory 

Lava, basaltic . . . 
Lava, trachy tic . . 

Leather, dry 

Leather, greased. 
Lime, mortar .... 

Lime, slaked 

Limestone 

Magnetite 

Malachite . 

Marble. . 

Mica 

Olivine 

Opal 

Paper 

Paraffin 

Pitch.. 

Porcelain 

Pyrite. 

Quartz '. 

Resin 

Rock salt 

Rubber, hard 

Rubber, soft 

Rutile 

Sandstone. 

Slate 

Soapstone 

Starch 

Sugar 

Talc... 

Tallow 

Tar 

Topaz 

Tourmaline 

Wax, sealing 



Density, 
g/cm 3 



2.31-2.33 

4.9-5.3 

3.0 

0.917 

1.83-1.92 

2.8-3.0 

2.0-2.7 

0.86 

1.02 

1.65-1.78 

1.3-1.4 

2.68-2.76 

4.9-5.2 

3.7-4.1 

2.6-2.84 

2.6-3.2 

3.27-3.37 

2.2 

0.7-1.15 

0.87-0.91 

1.07 

2.3-2.5 

4.95-5.1 

2.65 

1.07 

2.18 

1.19 

1.1 

4.2 

2.19-2.36 

2.6-3.3 

2.6-2.8 

1.53 

1.61 

2.7-2.8 

0.91-0.97 

1.02 

3.5-3.6 

3.0-3.2 

1.8 



* The density varies with the state and previous treatment of the Solids. The figures quoted may be 
considered reasonable limits (taken largely from "Smithsonian Physical Tables," 9th ed.). 
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Table 2b-3. Density of Steels* 
(At room temperature) 







Composition 






g/cm 8 








Type of steel 


















%c 


%Si 


%Mn 


%c- 






7.871 

7.859 

7.844 

7.830 

7.84 

7.84 

7.83 

7.80 

7.82 

7.82 

7.81 

7.84 

7.82 

7.81 

7.79 


0.06 

0.23 

0.435 

1.22 

0.31 

0.315 

0.35 

1.73 

0.80 

0.62 

0.98 

0.20 

0.22 

0.21 

0.30 


0.01 
0.11 
0.20 
0.16 


0.38 

0.635 

0.69 

0.35 

0.74 

0.69 

0.24 

0.30 

0.28 

0.22 

0.28 

0.14 

0.10 

0.19 

0.08 




Annealed at 1700°F 






Annealed at 1700°F 






Annealed at 1580°F 






Annealed at 1470°F 




1.00 
1.09 
1.56 
1.65 
1.67 
1.67 
1.68 
1.85 
2.80 
3.88 
5.54 


Oil-quenched at 1650°F, tempered at 1350°F 




Annealed at 1580°F 




Annealed by 1580°F 




Annealed at 1580°F 




Annealed at 1580°F 




Annealed at 1580°F 




Annealed at 1580°F 




Oil-quenched at 1650°F, tempered at 1380°F 




Oil-quenched at 1650°F, tempered at 1380°F 




Oil-quenched at 1650°F, tempered at 1380°F 


Low-Cr steel ; . 


Oil-quenched at 1650°F, tempered at 1380°F 




7.845 
7.85 


0.35 
0.33 




0.59 
0.53 


0.88 + 0.20 Mo 
0.80 


Annealed at 1580°F, tempered at 1185'F 










% Ni 




Low-alloy Ni-Cr steel . . . 


3.38 


Annealed at 1580°F, tem T 
















pered at 1185°F 


Low-alloy Ni-Cr steel. . . 


7.85 


0.325 




0.55 


0.71 


3.41 


Annealed at 1580°F, tem- 
pered at 1185 9 F 


Low-alloy Ni-Cr steel. . . 


7.92 


1.28 




0.24 


1,80 


3.46 


Brine quenched at 2190°F 


Low-alloy Ni-Cr steel . . . 


7.82 


1.28 




0.24 


1.80 


3.46 


Annealed at 1435°F 


Low-alloy Ni-Cr steel. . . 


7.855 


0.325 




0.55 


0.17 


3.47 


Annealed at 1580°F 


Low-alloy Ni-Cr steel. . . 


7.835 


0.51 




0.22 


1.72 


3.52 


Annealed at 1435°F 


Low-alloy Ni-Cr steel. . . 


7.86 


0.34 




0.55 


0.78 


3.53 + 0.39 Mo 


Annealed at 1580°F, tem- 
pered at 1185°F 




Pt 


%c 


%Cr 


%Ni 


%Mo 


%Zr 


%Ti 


%Cu 


% Mn 


Condition 




g/cm 8 




















Wrought stainless and 






















heat-resisting steels. . . 


7.93 


0.10 


18 


9 














Wrought stainless and 






















heat-resisting steels. . . 


7.93 




18 


9 


0.5 












Wrought stainless and 






















heat-resisting steels. . . 


7.98 




23 


13 














Wrought stainless and 






















heat-resisting steels. . . 


7.98 




25 


20.5 














Wrought stainless and 






















heat-resisting steels. . . 


7.98 




17 


12 


2.25 












Wrought stainless and 






















heat-resisting steels. . . 


8.02 




18 


10.5 














Wrought stainless and 






















heat-resisting steels. . . 


7.75 




12.5 
















Wrought stainless and 






















heat-resisting steels. . . 


7.73 




13 




0.5 













• "Metals Handbook," 48th ed., American Society for Metals. 
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Table 2b-3. Density of Steels (Continued) 
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Composition 




Type of steel 


P. 




Condition 


g/cm 3 


%c 


%Cr 


%Ni 


%Mo 


%Zr 


%Ti 


%Cu 


%Mn 


Wrought stainless and 






















heat-resisting steels. . . 


7.70 




13 
















Wrought stainless and 






















heat-resisting steels. . . 


7.70 




16 
















Wrought stainless and 






















heat-resisting steels. . . 


7.68 




17 




0.6 












Wrought stainless and 






















heat-resisting steels. . . 


7.60 




25 
















Wrought stainless and 






















heat-resisting steels. . . 


7.77 




17.88 












8.26 




Wrought stainless and 






















heat-resisting steels. . . 


7.76 




17.55 












10.48 




Wrought stainless and 






















heat-resisting steels. . . 


7.91 




18.40 


4.07 








0.78 


5.33 




Wrought stainless and 






















heat-resisting steels. . . 


7.90 




18.50 


4.06 










6.79 




Wrought stainless and 






















heat-resisting steels. . . 


7.78 




18.04 


2.06 










7.90 




Wrought stainless and 






















heat-resisting steels. . . 


7.77 




17.70 










0.68 


9.40 






p. 
g/cm' 


%w 


%Cr 


%v 


%Mo 


%Co 


%c 


Condition 


Tool steel 


8.67 
8.67 
7.925 


18 
18 
1.64 


4 
4 
3.68 


1 
2 
1.00 


8.24 




80 




Tool steel 




Tool steel 


Quenched at 2200°F 


Tool steel 


7.93 
7.76 


5.20 


4.60 
4.39 


4.00 
4.10 


4.11 
7 75 




1.32 
1 20 




Tool steel 






Tool steel 


8.89 


20 


4 


2 




12 




Annealed 


Tool steel 


8.68 


18 


4 


1 




5 




Annealed 


Tool steel 


8.16 


6 




2 


5 






Annealed 


Tool steel 


7.88 
6.892 


1.5 




1 


8 














%Ni 


%A1 


%Co 


%Cu 




Permanent-magnet alloys 


20 


12 


5 




Alnico 


Permanent-magnet alloys 


7.086 


17 


10 


12.5 


6 






Cast Alnico 


Permanent-magnet alloys 


6.892 


25 


12 












Permanent-magnet alloys 


7.003 


28 


12 


5 










Permanent-magnet alloys 


7.307 


14 


8 


24 


3 








Permanent-magnet alloys 


7.197 
8.16 


18 


6 


35 








8%Ti 




%Ni 


%c 


%Mn 




Miscellaneous ferrous alloys 


28.37 






Quenched at 1740°F 


Miscellaneous ferrous alloys 


8.00 


36 












Invar 


Miscellaneous ferrous alloys 


8.3 


45 












Radio metal 


Miscellaneous ferrous alloys. — 


8.25 


50 












Hipernik 


Miscellaneous ferrous alloys 


7.87 




1.2 


13 








Austenitic manganese steel. 
Air-cooled at 1920°F 
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Table 2b-4. Density of Aluminum -Alloys* 
(At20°C) 



Material 


p, 
g/cm» 


% Al 


% Mn 


% Co 


% Pb 


% Bi 


% Mg 


% Si 


% Ni 


% Cr 


% Zn 


Wrought alloys: 
Pure aluminum. . 
(Commercially 

pure Al) 2S . . . 
3S 


2.6989 

2.71 
2.73 
2.82 
2.81 
2.80 
2.78 
2.79 
2.80 
2.77 
2.79 
2.69 
2.69 
2.68 
2.69 
2.64 
2.70 
2.80 
2.82 


99.996 

99.0 + 

98.8 

93.5 

93.8 

93.6 

93.3 

95.0 

93.5 

93.4 

93.9 

84.7 

98.15 

97.25 

97.75 

94.6 

97.9 

90.0 

89.9 


1.2 

0.6 
0.8 
0.8 
0.5 

0.6 
0.8 

0.1 
0.20 


5.5 
4.0 
4.4 
4.5 
4.0 
4.0 
4.5 
4.5 
0.9 

0.25 

1.5 

1.2 


0.5 
0.5 


0.5 
0.5 


0.6 
0.4 
0.4 
0.5 
0.5 
1.5 

1.0 
0.6 
2.5 
1.3 
5.2 
1.0 
2,5 
2.5 


0.8 
1.0 

0.8 

12,5 

1.0 

0.7 

0.6 


.0 
0.9 


0.25 
. 25 
0.25 
0.10 
0.25 
0.30 




us 




R-317 




14S 




R-30I (clad) 

17S 
















18S 




24S 




25S 




32S 




A51S 




52S 








538 




56S 

61S 




75S 


5.5 


R-303 


6.4 























Material 



Casting alloys: 

13 alloy 

43 alloy 

85 alloy. . 
108 alloy.. ... 

Allcast 

A 108 alloy... 

113 alloy 

C113 alloy... 

122 alloy 

A132 alloy... 
RedX-13.... 

142 alloy 

195 alloy .... 
B195 alloy ... 

214 alloy 

A214 alloy... 

218 alloy 

220 alloy 

319 alloy... 

355 alloy .... 

356 alloy 

RedX-8,... 
360 alloy .... 
380 alloy . . . 
750 alloy .... 
40E alloy... 



p. 

g/cm' 



2.66 

2.69 

2.78 

2.79 

2.76 

2.79 

2.91 

2.91 

2.95 

2.68 

2.7 

2.81 

2.81 

2.78 

2.65 

2.65 

2.53 

2.58 

2.77 

2.70 

2.68 

2.73 

2.68 

2.76 

2.89 

2.81 



% Al 



88 

95 

91 

93 

92 

90 

89.3 

89.5 

89.8 

83.5 

85.1 

92.5 

95.5 

93.0 

96.2 

94.4 

92.0 

90.0 

90.5 

93.2 

92.7 

89.9 

90.0 

88.0 

91.5 

93.2 



% Mn 



% Mg 



0,2 
1.2 
0.7 
1.5 



3.8 
3.8 
8 
10 

0.5 
0.3 
0.3 
0.5 



% Cu 



4 
•4 

3 

4.5 

7 

7 
10 

0.8 

1.5 

4 

4.5 

4.5 



3.5 
1.3 



1.5 



3.5 
1.0 



% Zn 



1.7 



1.8 



% Cr 



0.5 



% Si 



12 
5 
5 
3 
5 

5.5 
2 
3.5 

12 
12 



2.5 



% Ni % Bi % Sn % Ti 



2.5 
2 



1.0 



6 ... 5 



0.2 



* "Metals Handbook," 48th ed., American Society for Metals. 
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Table 2b-5. Density of Cobalt Alloys* 
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Material 



Pure cobalt. 
61 alloy (cast) 

Vitallium 

X-40 alloy.... 
422-19 alloy.. 
S-816 alloy... 
6059... 



g/cm 3 



8.9 

8.54 

8.30 

8.61 

8.31 

8.59 

8.21 



%Co 



100 
70.0 
65.0 
60.0 
55.0 
50.0 
39.0 



% W 



5.0 
7.0 
4.0 



% Ni 



2.0 
2.0 
10.0 
16.0 
20.0 
32.0 



%Cr 



23.0 
27.0 
23.0 
23.0 
19.0 
23.0 



% Mo 



% Cb 



%Fe 



6.0 
6.0 
6.0 



4.0 



3.0 



* "Metals Handbook," 48th ed., American Society for Metals. 
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Table 2br7. Density of Lead Alloys* 
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Material 


g/cm 3 


%Pb 


% Ca 


% Sb 


%Sn 


% As 


%Co 


Pure lead 


11.34 


99 73 












Chemically pure lead ... 


11.34 














Cable-sheath alloy. ..... 


11.34 


99.8 


0.028 










1 % antimonial lead 


11.27 


99.0 




1.0 








Hard lead 


11.04 


96.0 




4.0 








Hard lead 


10 88 


94 




6 








8% antimonial lead 


10.74 


92.0 




8.0 








Grid metal 


10.66 
10.67 


91.0 
90.0 




9.0 
10.0 








ASTM-12 bearing metal. 




ASTM-11 bearing metal. 


10.28 


85.0 




15.0 








Lead-base babbitt 


10.24 


85.0 




10 


5.0 






G lead-base babbitt 


10.1 


83.0 




12.75 


0.75 


3.0 




S lead-base babbitt 


10.1 


83.0 




15.0 


1.0 


1.0 




ASTM-10 bearing metal. 


10.07 


83.0 




15.0 


2.0 






Lead-base babbitt 


10.04 


80.0 




15.0 


5.0 






Lead-base babbitt 


9.73 


75.0 




15.0 


10.0 






ASTM-6 bearing metal. . 


9.33 


63.5 




15.0 


20.0 




1.5 


Tin-lead solder 


11.0 
10.2 
8.89 


95.0 
80.0 
50.0 






5.0 
20.0 
50.0 






Tin-lead solder 




50-50 half and half 





* "Metals Handbook," 48th ed., American Society for Metals. 





Table 2b-8 


. Density of 


Magnesium Alloys* 


Material 


P, 
g/cm 3 


% Mg 


% Al 


% Mn 


%Zn 


% Sn 


Remarks 


Magnesium . . . 


1.74 


99.8 












A10 alloy 


1.81 


89.9 


10.0 


0.1 






Wrought, sand cast, and 
permanent-mold cast 


AZ91 alloy.... 


1.81 




9.0 


0.2 


0.7 




Die cast 


AZ92 alloy.... 


1.82 




9.0 


0.1 


2.0 




Sand cast and perma- 
nent-mold cast 


A8 alloy 


1.80 




8,0 


0,2 






Sand cast 


AZ61X alloy.. 


1.80 




6.0 


0.2 


1.0 






Wrought 


AM244aUoy.. 


1.76 




4.0 


Q.2 








Sand cast 


AM1.1 alloy... 


1.70 




1.25 


1 








Die cast 


AZ8QX alloy. . 


1.80 




8.5 


0,15 


0.5 






Wrought 


AZ63 alloy.,.. 


1.84 




6.0 


0.2 


3.0 






Sand cast 


AZ51X alloy.. 


1.79 




5.0 


0.25 


1.0 






Wrought 


AZ3 IX alloy.. 


1.78 




3.0 


0.3 


1.0 






Wrought 


Ml 


1.76 






1 5 








Wrought 
Wrought 


TA54 


1.84 




3.0 


0.5 




5.0 


Mg-Al alloy . . . 


1.75 


98.0 


2.0 










Mg- Al alloy . . . 


1.77 


96.0 


4.0 










Mg-Al alloy . . . 


1.78 


94.0 


6.0 










Mg-Al alloy . . . 


1.80 


92.0 


8.0 










Mg-Al alloy . . . 


1.81 


90.0 


10.0 










Mg-Al alloy . . . 


1.82 


88.0 


12.0 











'Metals Handbook," 48th ed., American Society for Metals. 
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MECHANICS 
Table 2b-9. Density of Nickel alloys* 



Material 



Nickel 

A nickel 

Cast nickel 

D nickel — 

Z nickel 

Monel 

Cast monel 

K monel 

S monel 

Hastelloy A 

Hastelloy B.. 

Hastelloy C 

Hastelloy D... 

IlliumG 

Inconel 

Castlnconel 

Chromel A 

Nichrome 

Chromax 

Constantin (wrought) . 

Ni-Fe alloys 

Ni-Fe alloys 

Ni-Fe alloys 

Ni-Fe alloys 

Permalloy 

Numetal 



p. 
g/cm 8 



%Ni 



99.95 

99.4 

97.0 

95.2 

94 

67 

63 

66 

63 

60 

65 

58 



77.5 



%Co 



%Mn 



%C 



0.5 



%A1 



%Cu 



%Fe 



%Mo 



%Cr 



%W 



30 
17 



15 

22 

14 

13.5 

20 

16 

15 



* "Metals Handbook," 48th ed., American Society for Metals. 

Table 2b-10. Density of Zinc Alloys* 



Material 



g/cm 3 



%Zn 



%A1 



%Cu 



% Mg 



%Pb 



%Cd 



Zinc 

Zamak (2).. 

Zamak (3).. .......... 

Zamak (5) 

SAE63, T-ll (cast).... 
Commercial rolled zinc . 
Commercial rolled zinc . 
Commercial rolled zinc . 

Zilloy 40 (rolled) 

Zilloy 15 (rolled) 



7.133 

6.7 

6.6 

6.7 

6.9 

7.14 

7.14 

7.14 

7.18 

7.18 



100 
92 
95 
94 



99 
99 
98 
98 



1 
10 



0.03 
0.04 
0.04 



0.01 



0.08 

0.06 

0.3 

0.08 

0.1 



0.06 
0.3 



* "Metals Handbook," 48th ed., American Society for Metals. 



DENSITY OF SOLIDS 
Table 2b-ll. Density of Woods (Oven-dry)* 
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Common name 



Applewood or wild apple . 

Ash, black 

Ash, blue 

Ash, green. 

Ash, white 

Aspen 

Aspen, large-toothed . 

Balsa, tropical American. 

Basswood 

Beech. . . . . 



Beech, blue 

Birch, gray 

Birch, paper 

Birch, sweet 

Birch, yellow 

Buckeye, yellow 

Butternut 

Cedar, eastern red 

Cedar, northern white 

Cedar, southern white 

Cedar, tropical American 

Cedar, western red 

Cherry, black 

Cherry, wild red 

Chestnut 

Corkwood 

Cottonwood, eastern 

Cypress, southern -.-... 

Dogwood (flowering) 

Douglas fir (coast type) 

Douglas fir (mountain type) ....... 

Ebony, Andaman marblewood 
(India). 

Ebony, Ebene marbre (Mauritius, 
East Africa) 

Elm, American 

Elm, rock 

Elm, slippery 

Eucalyptus, Karri (west Australia) . 

Eucalyptus, mahogany (New South 
Wales) 

Eucalyptus, west Australian ma- 
hogany 

Fir, balsam 

Fir, silver 

Greenheart (British Guiana) 



Botanical name 



Pyrus malus 

Fraxinus nigra 

Fraxinus quadrangulata 

Fraxinus pennsylvanica lanceolata 

Fraxinus americana 

Populus tremuloides 

Populus grandidentata 

Ochroma 

Tilia glabra or Tilia americanus 

Fagus grandifolia or Fagus 

americana 
Carpinus caroliniana 
Betula populifolia 
Betula papyrifera 
Betula lenta 
Betula lutea 
Aesculus octandra 
Juglans cinera 
Juniperus virginiana 
Thuja occidentalis 
Chamaecyparis thyoides 
Cedrela odorata 
Thuja plicata 
Prunus serotine 
Prunus pennsylvanica 
Castanea dentata 
Leitneria floridana 
Populus deltoides 
Taxodium distichum 
Cornus florida 
Pseudotsuga taxifolia 
Pseudotsuga taxifolia 

Diospyros Kurzii 

Diospyros melanida 

Ulmus americana 

Ulmus racemosa or Ulmus thomasi 

Ulmus fulva or Ulmus pubescens 

Eucalyptus diversicolor 

Eucalyptus hemilampra 

Eucalyptus marginata 
Abies balsamea 
Abies amabilis 
Nectandra rodioci 



p, g/cm 8 



0.745 

526 

0.603 

0.610 

0.638 

0.401 

0.412 

0.12-0.20t 

0.398 

0.655 

0.717 

0.552 

0.600 

0.714 

0.668 

0.383 

0.404 

0.492 

0.315 

0.352 

0.37-0. 70f 

0.344 

0,534 

0.425 

0.454 

0.207 

0.433 

0.482 

0.796 

0.512 

0.446 

0.978f 

0.768f 

0.554 

0.658 

0.568 

0.829f 

1.058f 

0.787f 
0.414 
0.415 
1.06-1.23f 



See page 2-33 for footnotes. 
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Table 2b-H. Density op Woods (Oven-dby)* (Continued) 



Common name 



Gum, black 

Gum, blue. 

Gum, red . . 

Gum, tupelo 

Hemlock, eastern 

Hemlock, mountain 

Hemlock, western 

Hickory, bigleaf shagbark 

Hickory, mockernut. ......... 

Hickory, pignut . , . . . . 

Hickory, shagbark 

Hornbeam 

Iron wood, black 

Jacaranda, Brazilian rosewood. 

Larch, western 

Locust, black or yellow 

Locust, honey • 

Magnolia, cucumber 

Mahogany (West Africa) 

Mahogany (East India) 

Mahogany (East India) ..... . . 

Maple, black 

Maple, red 

Maple, silver 

Maple, sugar 

Oak, black 

Oak, bur 

Oak, canyon live 

Oak, chestnut 

Oak, laurel 

Oak, live. 

Oak, pin. . 

Oak, post 

Oak, red. . ; 

Oak, scarlet 

Oak, swamp chestnut 

Oak, swamp white 



Oak, white. 

Persimmon 

Pine, eastern white. 
Pine, jack. 



Pine, loblolly 

Pine, longleaf 

Pine, pitch. . 

Pine, red.. . . 



Botanical name 



Nyssa sylvatica 

Eucalyptus globulus 

Liquidambar styraciflua 

Nussa aquatica 

Tsuga canadensis 

Tsuga martensiana 

Tsuga heterophyUa 

Hicoria laciniosa 

Hicoria alba 

Hicoria glabra 

Hicoria ovata 

Ostryra virginiana 

Rhamnidium ferreum 

Dalbergia nigra 

Larix occidentalis 

Robinia pseudacacia 

Gleditsia triacanthos 

M agnolia acuminata 

Khaya ivorensis 

Swietenia macrophylla 

Swietenia mahogani 

Acer nigrum 

Acer rubrum 

Acer saccharinum 

Acer saccharum 

Quereus velutina 

Quercus macrocarpa 

Quereus chrysolepsis 

Quercus montana 

Quercus laurifolia 

Quercus virginiana 

Quercus pdlustris 

Quercus stellata or Quercus minor 

Quercus borealis 

Quercus coccinea 

Quercus prinus 

Quercus bicolor or Quercus 

platanoides 
Quercus alba 
Diospyros virginiana 
Pinus strobus 
Pinus banksiana or Pinus 

divaricata 
Pinus taeda 
Pinus palustris 
Pinus rigida 
Pinus resinosa 



p, g/cm 3 



Q.552 

0.796 

0.530 

0,524 

0.431 

0.480 

0.432 

0.809 

0.820 

0.820 

0.836 

0.762 

1.077 

0.85f 

0.587 

0.708 

0,666 

0.516 

0.668f 

0.54f 

0.54f 

0.620 

0.546 

0.506 

0.676 

0.669 

0.671 

0.838 

0.674 

0.703 

0.977 

0.677 

0.738 

0.657 

0.709 

0.756 

0.792 

0.710 
0.776 
0.373 
0.461 

0.593 
0.638 
0.542 
0.507 



See page 2-23 for footnotes. 



DENSITY OP SOLIDS 
Table 2b-ll. Density op Woods (Oven-dry)* (Continued) 
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Common name 



Pine, shortleaf 

Poplar, balsam 

Poplar, yellow 

Redwood. .'.... 

Sassafras , 

Satinwood (Ceylon) . 

Sourwood 

Spruce, black 

Spruce, red. 

Spruce, white 

Sycamore ........ 

Tamarack . . , 

Teak (India). 1 ........ . ...../. 

Walnut, black 

Willow, black. 

* "Handbook of Chemistry and Physics, 
t Air-dry. 



Botanical name 



Pinus echinata 

Populus balsamifera or Populus 

candicans 
Liriodendron tulipifera 
Sequoia sempervivens 
Sassafras variafolium 
Chhroxylon swietenia 
Oxydendrum arboreum 
Picea mariana 
Picea rubra or Picea rubens 
Picea glauca 
Platanus occidentalis 
Larix laricina or Larix americana 
Tectona grandis 
Juglans nigra 
Salix nigra 



P, g/cm 3 



0.584 
0.331 

0.427 

0.436 

0.473 

1.031'f 

0.593 

6.428 

0.413 

0.431 

0.539 

0.558: 

0.582f 

0.562 

0.408 



30th ed. 
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MECHANICS 
Table 2b-12. Density of Plastics* 





Trade names 


P> g/ 


'cm 3 


Resin group and subgroup 


Lower 


Upper 






limit 


limit 


Acrylate and methacrylate 


Lucite, Crystalite, Plexiglas 


1.16 


1.20 


Casein . . . . 


Ameroid 

Bakelite, Lumarith, Plas- 


1.34 
1.27 


1.35 


Cellulose acetate (sheet) 


1.60 




tecele, Protectoid 






Cellulose acetate (molded) 


Fibestos, Hercules, Nixonite, 


1.27 


1.60 




Tenite 






Cellulose acetobutyrate 


Tenite II 


1.14 


1.23 


Cellulose nitrate 


Celluloid, Nitron, Nixonoid, 
Pyralin 


1.35 


1.60 






Ethyl cellulose 


Ditzler, Ethocel, Ethofoil, 


1.05 


1.25 




Lumarith, Nixon, Hercules 






Phenol-formaldehyde compounds: 








Wood-flour-filled (molded). 


Bakelite, Durez, Durite, 
Micarta, Catalin, Haveg, 
Indur, Makalot, Resinox, 
Textolite, Formica 


1.25 


1.52 


Mineral-filled (molded) 


Bakelite, Durez, Durite, 


1.59 


2.09 




Micarta, Catalin, Haveg, 








Indur, Makalot, Resinox, 








Textolite, Formica 






Macerated-f abric-filled (molded) . . . 


Bakelite, Durez, Durite, 
Micarta, Catalin, Haveg, 
Indur, Makalot, Resinox, 
Textolite, Formica 


1.36 


1.47 


Paper-base (laminated) 


Bakelite, Durez, Durite, 


1.30 


1.40 




Micarta, Catalin, Haveg, 








Indur, Makalot, Resinox, 








Textolite, Formica 






Fabric base (laminated) 


Bakelite, Durez, Durite, 


1.30 


1.40 




Micarta, Catalin, Haveg, 








Indur, Makalot, Resinox, 








Textolite, Formica 






Cast (unfilled) 


Bakelite, Catalin, Gemstone, 


1.20 


1.10 




Marblette, Opalon, Prystal 






Phenolic furfural (filled) 


Durite 


1.3 


2.0 


Polyvinyl acetals (unfilled) 


Alvar, Formvar, Saflex, 


1.05 


1.23 




Butacite, Vinylite X, etc. 






Polyvinyl acetate 


Gelva, Vinylite A, etc. 


1.19 


(?) 


Copoly vinyl chloride acetate 


Vinylite V, etc. 


1.34 


1.37 


Polyvinyl chloride (and copolymer) 








plasticized 


Koroseal, Vinylite 


1.2 


1.7 


Polystyrene 


Bakelite, Loalin, Lustron, 
Styron 


1.054 


1.070 







* " Handbook of Chemistry and Physics," 30th ed., p. 1282. 



DENSITY OF SOLIDS 
Table 2b-12. Density of Plastics (Continued) 
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Trade names 


p, g/cm 3 


Resin group and subgroup 


Lower 
limit 


Upper 
limit 


Modified isomerized rubber 


Plioform, Pliolite 
Torneseit, Parlon 
Bakelite, Beetle, Plascon 
Catalin, Melmac, Plaskon 
Saran, Velon 


1.06 
1.64 
1.45 
1.49 
1.68 


(?) 

(?) 

1 55 


Chlorinated rubber 


Urea formaldehyde 


Melamine formaldehyde filled 

Vinylidene chloride 


1.86 
1.75 







Table 2b-13. Density of Rubbers* 



Rubber; raw polymer 



Trade Name 



At 25°C 



Natural rubber. 

Butadienestyrene copolymer ...... 

Butadieneacrylonitrile copolymer . 

Polychloroprene (neoprene) 

Isobutylenediolefin copolymer 

(butyl)..... 

Alkylene polysulfide ........... 



Hevea 



0.92 
0.94 
1.00 
1.25 

0.91 
1.35 



♦"Handbook of Chemistry and Physics," 30th ed., p. 1282. 



2c. Centers of Mass and Moments of Inertia 

R. B. LINDSAY 
Brown University 



Table 2c-1. 
Body 

1. Uniform circular wire of radius 
subtending angle 20 at center 

2. Uniform triangular sheet 

3. Uniform rectangular sheet 

4. Uniform quadrilateral sheet 



Uniform circular sector sheet of radius 
R subtending angle 20 at center of 
circular arc 

Uniform circular segment sheet of 
radius R, subtending angle 20 at 
center of circular arc and length of 
chord equal to I =* 2R sin 
Uniform semielliptical sheet, major 
and minor axes of equivalent ellipse 
equal to 2a and 26, respectively 



8. 



Uniform quarter-elliptical sheet, major 
and minor axes of equivalent ellipse 
equal to 2a and 26, respectively 
Uniform parabolic sheet segment. 
Chord = 21 perpendicular to axis of 
symmetry distant h from vertex 
Right rectangular pyramid (rectan- 
gular base with sides a and 6 and with 
height h) 
11. Pyramid (general) 



9. 



10. 



Centers of Mass* 

Center of Mass 
R, On axis of symmetry distant (R sin 0)/0 
from center 
At intersection of the medians 
At intersection of the diagonals 
From each vertex lay off segments equal 
to -| the length of the corresponding 
sides meeting at this vertex. Draw ex- 
tended lines through the ends of the 
segments associated with each vertex, 
respectively. These intersect to form 
a parallelogram. The intersection of 
the diagonals of this parallelogram is 
the center of mass of the quadrilateral 
On axis of symmetry distant (2R sin 0)1 
30 from center 



On axis of symmetry distant I 3 / 12 A from 
center, where A = area of segment 
R 2 (2 - sin 2 0) 
2 

On axis of symmetry distant 4a/3?r from 
center of equivalent ellipse if the semi- 
ellipse is bounded by minor axis. The 
distance is 46/3tt if the semiellipse is 
bounded by the major axis 

At point 46 /3x above major axis and 
4a/3ir above minor axis 

On axis of symmetry distant Zh/h from 
vertex 



On axis of symmetry 
vertex 



distant h/4 from 



* For definition see Sec. 2a-4. 



On line joining apex with center of sym- 
metry of base at distance three-quarters 
of its length from apex 
All bodies cited are homogeneous rigid bodies. 
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CENTERS OF MASS AND MOMENTS OF INERTIA 
Table 2e-L Centers of Mass {Continued) 
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Body 
12. Frustum of pyramid with area of 
larger base S and smaller base s, and 
altitude h 



13. Right circular cone (height h) 

14. Frustum of right circular cone (alti- 
tude h, radii of larger and smaller 
bases R and r, respectively) 



15. Cone (general) 



16. Frustum of cone with altitude h and 
radii of larger and smaller bases R 
and r, respectively 



17. Spherical sector of radius R, with 
plane vertex angle equal to 20 



18. Hemisphere of radius R 

19. Spherical segment of radius R and 
maximum height from base equal to h 

20. Octant of ellipsoid with semiaxes a, b, 
c, respectively, and center of corre- 
sponding ellipsoid at origin of system 
of rectangular coordinates 

21. Paraboloid of revolution with altitude 
h and radius of circular base equal to R 

22. Uniform hemispherical shell of radius 
R (excluding base) 

23. Conical shell (excluding base) 



Center of Mass 
On line joining apex of corresponding 
pyramid with center of symmetry of 
larger base and distant 

h(S + 2 VSs + 3s) 
4(5 + VB~s +s) 
from the larger base 
On axis of symmetry distant A/4 from 



On axis of symmetry distant 

h[(R -f r) 2 -f 2r 2 ] 

4[(# + r) 2 - Rr] 

from the base 

On line joining apex with center of base 

at distance three-quarters Of its length 

from apex 

On line joining apex of corresponding cone 

with center of larger base and distant 

h[(R + r)» + 2r 2 ] 

4[(R +r) 2 - Rr] 

from the larger base 

On axis of symmetry distant 

3-K ,., . „. 

-g- (1 + cos 6) 

from the vertex 
On axis of symmetry distant 3R/8 from 
center of corresponding sphere 



On axis of symmetry distant 



h(4:R - h) 



4(3# - h) 
above the base of the segment 
Point with coordinates 

. 3a ' _ 36 _ 3c 
***? y= T z= 8 

On axis of symmetry distant h/3 from the 
base 

On axis of symmetry distant R/2 from 
center of corresponding sphere 

On line joining the apex with the center of 
symmetry of the base at distance two- 
thirds its length from the apex 
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MECHANICS 
Table 2c-2. Moments of Inertia* 



Body 


Axis 


Moment of inertia 


Uniform rectangular sheet of 


Through the center 


a 2 




sides a and 6 


parallel to 6 


m l2 




Uniform rectangular sheet of 


Through the center 


a 2 + 6 2 




sides a and b 


perpendicular to the 
sheet 


m 12 




Uniform circular sheet of 


Normal to the plate 


r 2 




radius r 


through the center 


m 2 




Uniform circular sheet of 


Along any diameter 


r 2 




radius r 




m 4 




Uniform circular ring sheet. 


Through center normal 


ri 2 + r 2 2 




Radii r x and r 2 


to plane of ring 


m 2 




Uniform circular ring sheet. 


A diameter 


r, 2 +r 2 2 




Radii r\ and r 2 




m 4 




Uniform thin spherical shell, 


A diameter 


2r 2 

Til. 




mean radius r 




m 3 




Uniform cylindrical shell, 


Longitudinal axis 


mr 2 




radius r, length I 








Right circular cylinder of 


Longitudinal axis 


r 2 




radius r, length I 




m "2 




Right circular cone, altitude 


Axis of the figure 


3 2 




h, radius of base r 




m-r 




Spheroid of revolution, equa- 


Polar axis 


2r* 




torial radius r 






Ellipsoid, axes 2a, 26, 2c. . . 


Axis 2a 


o 

I 2 




Uniform thin rod 


Normal to the length, 






at one end 


m 3 




Uniform thin rod 


Normal to the length, 


I 2 






at the center 


m l2 




Rectangular prism, dimen- 


Axis 2a 


(6 2 + c 2 ) 




sions 2a, 26, 2c 




m 3 




Sphere, radius r 


A diameter 

Through center per- 


2 . 
m-r 2 
5 

a 2 + b 2 




Rectangular parallelepiped, 




edges a, 6, and c 


pendicular to face a6 
(parallel to edge c) 


171 12 




Right circular cylinder of 
radius r, length I 


Through center per- 
pendicular to the axis 
of the figure 


(r 2 ,l 2 \ 




Spherical shell, external ra- 


A diameter 


2(n«-r,») 




dius n, internal radius r 2 




W 5(ri 3 _ r2 3j 




Hollow circular cylinder, 


Longitudinal axis 


W + r 2 2 ) 




length I j external radius r h 




m 2 




internal radius r 2 








Hollow circular cylinder, 
length I, radii n and r 2 


Transverse diameter 


-C-^'+S) 





* For definitions see Sec. 2a-5; m = mass of body. All bodies are homogeneous. 



COEFFICIENTS OF FRICTION 
Table 2c-2. Moments of Inertia (Continued) 
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Body 



Axis 



Moment of inertia 



Hollow circular cylinder, 

length I, very thin, mean 

radius r 
Right elliptical cylinder, 

length 2a, transverse axes 

26, 2c 
Right elliptical cylinder, 

length 2a, transverse axes 

26, 2c 
Frustum of right circular 

cone with radii of larger 

and smaller bases, equal to 

R and r, respectively 
Right circular cone, radius of 

base r, altitude h 

Hemisphere of radius r 

Spherical sector of radius r, 

with plane angle at vertex 

= 20 
Spherical segment of radius 

r and maximum height h 
Torus or anchor ring mean 

radius R, radius of circular 

cross section r 
Torus mean radius R, radius 

of circular cross section r 



Transverse diameter 



Longitudinal axis 2a 

through center of 

mass 
Transverse axis 26 

through center of 

mass 
Axis of symmetry 



Perpendicular to axis 
of symmetry, through 
center of mass 

Axis of symmetry 

Axis of symmetry 
through vertex 

Axis of symmetry per- 
pendicular to base 

Axis of symmetry per- 
pendicular to plane of 
ring 

Axis of symmetry in 
plane of ring 



/r 2 , i» \ 

(6* + c 2 ) 

ra- -. 

4 

/c 2 , a 2 \ 

3m(Rs - r 6 ) 



10(R* - r 3 ) 



20 \ r ^ 4 J 

2mr 2 

5 
rar 2 (l - cos 0)(2 + cos 0) 



/ t Zrh . 3/i 2 \ 
m(4fl 2 + 3r*) 



2h 



(3r - h) 



m(4R* + 5r 2 ) 



8 



2d. Coefficients of Friction 

DUDLEY D. FULLER 
Columbia University 



2d-l. Static and Sliding Friction. All surfaces encountered in experience are more 
or less rough in the sense that as bodies move on them they exert forces parallel to the 
surface and in such direction as to resist motion. Such forces are termed "frictional." 
Frictional force is proportional to the normal thrust between body and surface; how- 
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ever, the coefficient of proportionality, known as the coefficient of friction, can for the 
same body and surface vary a great deal depending on the nature of the contact and 
the motion. It is customary to define 



/. 



magnitude of maximum frictional force 
magnitude of normal thrust 



(2d-l) 



as the coefficient of static friction if motion is just on the point of starting. On the other 
hand, /#, called the coefficient of kinetic or sliding friction, is the value of the ratio in 
Eq. (2d-l), when motion has once been established. In general fx < /« for the same 
body and surface or the same two surfaces. 

The friction between surfaces is dependent upon many variables. These include 
the nature of the materials themselves, surface finish and surface condition, atmos- 
pheric dust, humidity, oxide and other surface films, velocity of sliding, temperature, 
vibration, and extent of contamination. 

In many instances the degree of contamination is perhaps the most important 
single variable. For example, Table 2d-l lists values for the static coefficient of fric- 
tion f 8 for steel on steel under various test conditions. 

Table 2d-l. Coefficients of Static Friction for Steel on Steel 



Test condition 



Degassed at elevated temp, in high vacuum . . 

Grease-free in vacuum 

Grease-free in air 

Clean and coated with oleic acid. 

Clean and coated with solution of stearic acid 



/. 



Weld on contact 
0.78 
0.39 
0.11 
0.013 



Ref.* 



20 
1 
8 
1 

21 



* References follow Table 2d-4. 

The most effective lubricants for nonfluid lubrication are generally those which 
react chemically with the solid surface and form an adhering film that is attached to 
the surface with a chemical bond. This action depends upon the nature of the lubri- 
cant and upon the reactivity of the solid surface. Table 2d-2 indicates that a fatty 
acid such as those found in animal, vegetable, and marine oils reduces the coefficient 

Table 2d-2. Coefficients of Static Friction at Room Temperature 



Surfaces 


Clean 


Paraffin 
oil 


Paraffin oil 

+ 1 % lauric 

acid 


Degree of 

reactivity 

of solid 


Nickel 


0.7 
0.4 
1.2 
1.4 
0.9 
1.4 
0.5 
0.6 
0.6 
1.0 
1.4 


0.3 
0.3 

0.28 
0.8 

0.3 

0.45 

0.2 

0.5 

0.3 

0.7 


0.28 

0.3 

0.25 

0.7 

0.4 

0.08 

0.05 

0.04 

0.08 

0.2 

0.3 


Low 


Chromium 


Low 


Platinum 


Low 


Silver 


Low 


Glass 


Low 


Copper 


High 


Cadmium. 


High 


Zinc 


High 


Magnesium 


High 


Iron 


Mild 


Aluminum 


Mild 
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Paraffin oil 



of friction markedly only if it can react effectively with the solid surface, 
is almost completely nonreactive. The data are taken from ref. 22. 

It is generally recognized that coefficients of friction reduce on dry surfaces as sliding 
velocity increases. Dokos (ref. 4) has measured this for steel on steel. It is difficult 
to screen out the effect of temperature, however, which also increases with sliding 
velocity so that frequently, under these conditions, both variables are present. Table 
2d-3 gives values which are the average of four tests at high contact pressures. 



Table 2d-3. Coefficients of 


Friction, Steel on Steel, Unlubricated 


Velocity, in. /sec 


0.0001 
0.53 


0.001 
0.48 


0.01 
0.39 


0.1 
0.31 


1 
0.23 


10 
0.19 


100 


Coefficient of friction /k- . 


0,18 



Table 2d-4 presents typical values of the coefficients of static and sliding friction for 
various materials under a variety of conditions. 

Table 2d-4. Coefficients of Static and Sliding Friction* 



Materials 



Hard steel on hard steel. 



Mild steel on mild steel . 



Hard steel on graphite 

Hard steel on babbitt (ASTM 1). 



Hard steel on babbitt (ASTM 8) . 



Hard steel on babbitt (ASTM 10) . 



Mild steel on cadmium silver . . 
Mild steel on phosphor bronze. 

Mild steel on copper lead 

Mild steel on cast iron 

Mild steel on lead 

Nickel on mild steel .......... 

Aluminum on mild steel 

Magnesium on mild steel ...... 

Magnesium on magnesium 



Static friction 



Dry 



0.78(1) 



0.74(19) 

0.21(1) 
0.70(11) 



0.42(11) 



0.95(11) 



0.61(8) 
0.6(22) 



Greasy 



0.11(l,a) 

0.23(l,b) 

0.15(l,c) 

0.11(l,d) 

0.0075(18,p) 

0,0052(18,h) 



0.09(l,a) 

0.23(l,b) 

0.15(l,c) 

0.08(l,d) 

0.085(l,e) 

0.17(l,b) 

0.11(l,c) 

0.09(l,d) 

0.08(l,e) 

0.25(l,b) 

0.12(l,c) 

0.10(l,d) 



0.183(15,c) 
0.5(l,f) 



0.08(22,y) 



Sliding friction 



Dry 



0.42(2) 



0.57(3) 



0.33(6) 



0.35(11) 



0.34(3) 



0.23(6) 

0.95(11) 

0.64(3) 

0.47(3) 

0.42(3) 



Greasy 



0.029(5,h) 

0.081(5,c) 

0.080(5,i) 

0.058(5,}) 

0.084(5,(1) 

0.105(5,k) 

0.096(5,1) 

i08(5,m) 

0.12(5,a) 

0.09(3,a) 

0.19(3,u) 

0. 16(l,b) : 

0.06(l,c) 

0.11(l,d) 

0.14(l,b) 

0.065(l,c) 

0.07(l,d) 

0.08(ll,h) 

0.13(l,b) 

0.06(l,c) 

0.055(l,d) 

0.097(2,f) 

0.173(2,f) 

0.145(2,f) 

. 133(2,f) 

0.3(ll,f) 

0.178(3,x) 



* Numbers in parentheses indicate references to data sources; letters identify lubricant in following 
list. 
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Table 2d-4. Coefficients of Static and Sliding Friction (Continued) 



Materials 


Static friction 


Sliding friction 


Dry 


Greasy 


Dry 


Greasy 


Cadmium on mild steel 






0.46(3) 

0.36(3) 

0.53(3) 

0.44(6) 

0.30(6) 

0.21(7) 

0.25(7) 

0.29(7) 

0.32(7) 

0.43(7) 

1.4(3) 

0.4(3) 

0.18(3) 
0.39(3) 
0.56(3) 
0.53(3) 
0.15(9) 
0.22(9) 
0.48(9) 

0.32(9) 

0.52(9) 

0.49(9) 

0.56(9) 

0.04(22,f) 

0.04(22,f) 




Copper on mild steel 


0.53(8) 

1.10(16) 

0.51(8) 




0.18(17,a) 


Nickel on nickel 


0.28(22,y) 
0.11(22,c) 


0.12(3,w) 


Brass on mild steel 




Brass on cast iron 




Zinc on cast iron 


0.85(16) 






Magnesium on cast iron 






Copper on cast iron 


1.05(16) 






Tin on cast iron 






Lead on cast iron. 

Aluminum on aluminum 

Glass on glass 


1.05(16) 
0.94(8) 


0.30(22,y) 
0.35(22,y) 
0.1(22,q) 


0.09(3,a) 


Carbon on glass 




Garnet on mild steel 








Glass on nickel 


0.78(8) 
0.68(8) 
1.10(16) 






Copper on glass 






Cast iron on cast iron 


0.2(22,y) 


0.070(9,d) 
0.077(9,n) 
0.164(9,r) 


Bronze on cast iron 


Oak on oak (parallel to grain) .... 
Oak on oak (perpendicular) 


0.62(9) 

0.54(9) 
0.61(9) 






0.067(9,s) 
0.072(9,s) 


Leather on oak (parallel) 




Cast iron on oak 




0.075(9,n) 
0.36(9,t) 


Leather on cast iron 






Teflon on Teflon 


0.04(22) 
0.04(22) 




Teflon on steel 






Fluted rubber bearing on steel .... 






0.05(13,t) 


Laminated plastic on steel 






0.35(12) 


0.05(12,t) 


Tungsten carbide on tungsten car- 
bide 


0.2(22) 
0.5(22) 


0.12(22,a) 
0.08(22,a) 


Tungsten carbide on steel 





Lubricant References for Table 2d-4 

a. Oleic acid 

b. Atlantic spindle oil (light mineral) 

c. Castor oil 

d. Lard oil 

e. Atlantic spindle oil plus 2 per cent 
oleic acid 

f . Medium mineral oil 

g. Medium mineral oil plus -J- per cent 
oleic acid 

h. Stearic acid 

i. Grease (zinc oxide base) 

j. Graphite 

k. Turbine oil plus 1 per cent graphite 

1. Turbine oil plus 1 per cent stearic 
aid 



m. Turbine oil (medium mineral) 
n. Olive oil 
p. Palmitic acid 
q. Ricinoleic acid 
r. Dry soap 
s. Lard 
t. Water 
u. Rape oil 
v. 3-in-l oil 
w. Octyl alcohol 
x. Triolein 
y. 1 per cent lauric acid in paraffin oil 
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2d-2. Rolling Friction. Rolling is frequently substituted for sliding friction. The 
resistance to motion is substantially smaller than for sliding under nonfluid film condi- 
tions. The frictional resistance to rolling under the action of load W may be desig- 
nated as P in Fig. 2d-l. The coefficient of rolling friction is then defined as 

h = J (2d-2) 
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The frictional resistance P to the rolling of a cylinder under load is applied at the 

center of the roller and is inversely proportional 
to the radius r of the roller and proportional to a 
factor k, a function of the material and its sur- 
face condition. Thus 

■■■;'. P-J.TT ; (2d-3) 

:x___^.- K r is in inches, values of A; may be taken as 

y//////////?yffi/////////// Plows: hardwood on hardwood, 0.02 ; iron on 
Fig. 2d-l. Rolling friction, iron, steel on steel, 0.002; hard polished steel on 

hard polished steel, 0.0002 to 0.0004. Noonan 
and Strange suggest, for steel rollers on steel plates : surf aces well finished and clean, 
0.005 to 0.001; surfaces well oiled, 0.001 to 0.002; surfaces covered with silt, 0.003 to 
0.005; surfaces rusty, 0.005 to 0.01. 





Fig. 2d-2. Load carried on rollers. 

If the load is carried on rollers as in Fig. 2d-2, and k and k' are the respective factors 
for lower and upper surfaces, the force JP is 

P = «±PE (2d-4) 



2e. Crystallographie Data 
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This section presents data relating to the crystals of the elements and certain 
important compounds. For details about crystal structure the references at the end 
of the subsection may be consulted. 

The lattice constants tabulated in Tables 2e-2 and 2e-3 are referred to crystallo- 
graphie axes a, b } and c, making axial angles a, 0, y with each other as shown in 
Fig.2e-1. 



CRYSTAI,IiOGRAPHIC DATA 



2-43 



The relationships which obtain among these quantities in the various crystal systems 
are listed in Table 2e-l. 

Table 2e-l. Lattice-constant Relationships for Various Crystal Systems 
Crystal System Lattice-constant Relationships 

Cubic (= isometric) ,., . a = b = c a = /3 = 7 = 90° 

Tetragonal , . . a = 6?^c 

Orthorhombic a j±b y£ c 

Trigonal, if rhombohedra! (see following text) ... a — b = c 

Hexagonal (see Fig. 2e-2) a = b j* c 

Monoclinic . a j^b 7^ c 



a = |3 = 7 = 90° 
a - = 7 = 90° 
a -- j3 = 7 ?* 90° 
a hi . 90° 7 = 120° 
a = 7 = 90° > 90° 



Triclinic a j^b j* c <x 9* & t± y 

Only those lattice constants whose values are not specified by the relationships in 
Table 2e-l are actually listed in Tables 2e-2 and 2e-3. For example, in the tetragonal 
system, it is only necessary to give values for a and c. 

The following are the Hermann-Mauguin point-group symbols for the 32 classes of 
symmetry, grouped into seven crystal systems, included here for comparison with the 





Fig. 2e-l. Crystallographic axes. 



Fig. 2e-2. Crystallographic axes for the hexa- 
gonal system. 



space-group symbols of Tables 2e-2 and 2e-3. (The alternative Schonflies sym- 
bol, enclosed in parentheses, follows the Hermann-Mauguin symbol to which it is 
equivalent.) 

Triclinic: 1(d), T(CV) 

Monoclinic: 2(C 2 ), m(C a ), 2/m(Czh) 

Orthorhombic: mm (C 2v ), 222(D 2 ), mmm(D 2 h) 

Trigonal: 3(C 3 )> 3(C 3 <J, 3m(C 3 „), 3m(D 3rf ), 32(I>3) 

Hexagonal: 6(C 6 ), 6(C 3A ), 6/m(C<yO, 6mm(C 6v ), 62m(D 3A ), 62(2> € ), Q/mmm(D 6h ) 

Tetragonal: 4(C 4 ), 4(S 4 ), 4/m(C 4A ), 42m(D 2d ), 4mm(C4 V ), 42(Z>4), i/mmm(D Ah ) 

Cubic: 23(r), w3(n)i 43w(r d ), 43(0), mSm(O h ) 

These symbols describe the symmetry operations which relate equivalent directions 
in the crystal. All the bulk physical properties of the crystal have this symmetry. 
The numbers (1, 2, 3, etc.) refer to axes of symmetry (2-fold, 3-fold, etc.); a number 
with a bar indicates an inversion axis. For example, 4 indicates the symmetry opera- 
tion of a quarter turn combined with an inversion through a center of symmetry. 
Symmetry planes are indicated by m, placed beside the axial number when the plane 
is parallel to the axis, beneath it when the plane is normal to the axis, except in the 
cubic system where the 3-fold axes are always in the (ill) directions 1 and the sym- 
metry planes parallel to the {100) planes and, where m is the third symbol, the {1101 
planes. 

Figure 2e-3a, b, c, d illustrates the operations of some of these symmetry elements. 

1 For the Miller indices notation for crystal planes or faces, see any of the books listed in 
the references. A simple summary is given in ref. 6. See also ref. 9, p. 24. 
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Fig. 2e-3. Operations of symmetry elements, (a) tetragonal, 4/mm; (b) monoclinic, 2/m; 
(c) brthorhombic, mm; (d) tetragonal, 42m. 
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In the space-group symbols some of the plane and axis point-group symbols are 
replaced by symbols for glide planes (a, b, c, d, n) and screw axes (e.g. 2i) which relate 
the atom positions in the crystal structure and are preceded by a capital letter indi- 
cating whether the lattice is rhombohedral (R), primitive (P), body-centered (J), side- 
centered (A, B, or ■ O, or centered on all faces (F). Thus FmSm, for example, indicates 
a face-centered cubic structure. 

In the column of crystal systems, all crystals with a unique 3-fold axis of symmetry 
are listed as trigonal. For some of these, the smallest unit cell is rhombohedral 
Alternatively one may say their structures may be referred to a rhombohedral lattice. 
For these the Hermann-Mauguin space-group symbol begins with R. For other 
trigonal structures the smallest unit cell is the same shape as that of the hexagonal 
crystals. For these the space-group symbol begins with P. 

(Caution: Orthorhombic is sometimes abbreviated to rhombic in the literature. 
Care must be taken not to confuse this with rhombohedral.) 

The reader is referred to X-ray crystallographic texts (e.g. refs. 6 to 9) for the inter- 
pretation of the glide-plane and screw-axis symbols. For the symmetry of the bulk 
physical properties of the crystal he can replace the former by m and omit the sub- 
script of the latter. 

The value Z in the fourth column of Tables 2e-2 and 2e-3 is the number of formula 
units (e.g., atoms in the case of most elements) per unit cell. 

The symbols in the last column of the tables refer to structure types described in the 
Strukturbericht (refs. 3 and 4): A 1, cubic-close-packed (= face-centered cubic, f.c.c); 
A2, body-centered cubic (b.c.c); A3, hexagonal close-packed (h.c.p.); A4, diamond 
structure. For types other than these common ones, the reader is referred to the 
Strukturbericht. In some eases, where the structure is commonly known by the name 
of some substance exhibiting it, this is indicated; e.g., for Bi, structure type A 7 (As) 
and for NiFe 2 4 , structure type #11 (spinel). 

The conventional choice of the coordinate axes ("crystallographic axes") x or a, y 
or b, z or c is usually dictated by symmetry. Where this is not so, the dimensionsof 
the unit cell determined from X-ray diffraction work govern the choice of axes (see 
ref. 2, p. 6). 

The following list may be useful in determining axial directions in crystals for which 
the symmetry elements are determinable. Many crystal drawings should be used to 
supplement this list. For these the reader is referred to the texts, e.g., "A Textbook 
of Mineralogy " by E. S. Dana and W. E. Ford (4th ed., John Wiley & Sons, Inc., 
New York, 1932). This list should be used in conjunction with the list of lattice- 
constant relationships (Table 2e-l) for the various systems. 

Cubic. The a axis makes equal angles (54°44') with the four 3-fold symmetry axes. 
In most cases the a axis will be a 4-fold symmetry axis. 6 and c are indistinguishable 
from a. 

Rhombohedral. The 3-fold symmetry axis makes equal angles with the three sym- 
metrically equivalent (indistinguishable) crystallographic axes. 

Tetragonal. The unique (4-fold) axis is taken as c. 

Hexagonal. The unique (6-fold) axis is taken as c. 

Orthorhombic. The crystallographic axes are parallel to the three 2-fold axes where 
present; normal to the three symmetry planes where present. 

Monoclinic. The 2-fold symmetry axis, if present, is taken as the b axis. Other- 
wise the normal to the symmetry plane is taken as 6. 

Triclinic. Choice of crystallographic axes is not indicated by symmetry. 

Tables 2e-2 and 2e-3 list the various quantities which characterize the crystal 
lattices of the elements and certain compounds, respectively. All values in these 
tables came from ref. 1, except as indicated. 
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Table 2e-2. Crystallo graphic Data for the Elements 



Formula 

(temp., °C, 

for the lattice 

constants given) 



A (-235°). 
Ag(18°)... 
Al (25°). .. 
As 



Au (18°). 
B 



Ba 

Be (18°)... 

(630°) (stable 

5-700°).... 

Bi 



Br 2 (-150°).... 
C (diamond) 

C (graphite) 

(15°) 
C (graphite) 

Ca («) (electro- 
lytic) ........ . 

Ca (j3) (450°) 
(stable above 
450°) 

Cb (seeNb) 

Cd. 



Crystal 
system 



Space 
group 



Ce 

Ce........... 

Ce at 15,000 

atmos 

Cl 2 (-185°).. 

Co (20°) 

Co (20°) 

Cp 

Cr 

Cs (-100°)... 

Cu (20°) 

Dy 

Er 



Cub. 
Cub. 
Cub- 
Trig. 

Cub. 
Tet. 
Cub. 
Hex. 

Hex. 
Trig. 



Orth. 
Cub. 

Hex. 

Trig. 

Cub. 

Hex. 

Hex. 

Cub. 
Hex. 

Cub. 

Tet. 

Hex. 

Cub. 

Hex. 

Cub. 

Cub. 

Cub. 

Hex. 

Hex. 

Cub. 



FmSm 
FmSm 
FmSm 
RSm 

FmSm 
Pin2 
ImSm 
PQs/rnmc 



RSm 



Bmab 
FdSm 

P6 3 /mmc 

RSm 

Fmdm 

PGz/mmc 

PQz/mmc 

FmSm 
PQz/mmc 

Fmdm 

P4 2 /ncm 

P§ijmmc 

FmSm 

P§z/mmc 

ImSm 

ImSm 

FmSm 

P&z/mmc 

PQz/mmc 

ImSm 



4 
4 
4 
6 
2 
4 
50 
2 
2 

ca. 60 
6 



Lattice constants, A," 
a, 6, c; a, 0, 7 



5.43 

4.086 ± 0.0006 
4.0495 to 4.0507 
3.77, 10.57* 
(arh 4.142, a 54°7') 
4.0781 ± 0.0003 
8.74, 5.07 
5.025 ± 0.003 
2.2808, 3.5735* 

7.1, 10.8* 
4.53726 ± 0.0002 

11.8381 ± 0.0008* 
(a rh 4.7364 ± 0.0003 

a 57°14'13" ± 23") 
6.67, 8.72, 4.48* 
3.56696 ± 0.00005 

2.4612 ± 0.0001, 

6.7079 ±0.0007* 
2.461, 10.064* 
(ark 3.642, a 39.49°) 

5.57 



3.98, 6.52* 

2.9736 ± 0.0005, 

5.6058 ± 0.0005* 
5.150 ± 0.002 
3.65, 5.96* 

4.84 ± 0.03 

8.56, 6.12* 

2.5074, 4.0699 

3.5442 

3.509, 3.559* 

2.8845 ±0.001 

6.08 

3.6147 ± 0.0020 

3.578, 5.648* 

3.532 ± 0.002, 

5.589 ± 0.005* 
4.573 



Structure 
type 



Al (f.cc.) 
Al (f.cc.) 
Al (f.cc.) 
A7 

Al (f.cc.) 

A2 (b.c.c) 
A3 (h.c.p.) 



A7 (As) 



A14 (7 2 ) 
A4 (dia- 
mond) 
A9 



Al (f.cc.) 



A3(h.cp.) 

A3 (h.c.p.) 

Al (f.cc) 
A3 (h.c.p.) 

Al (f.cc) 
A18 

A3 (h.c.p.) 
Al (f.cc) 
A3 (h.c.p.) 
A2 (b.c.c.) 
A2 (b.c.c) 
Al (f.cc) 
A3 (h.c.p.) 
A3 (h.c.p.) 

A2 (b.c.c.) 



Eu 

* Starred values probably are not in angstroms (A) but in kX (1 kX = 1.00202 A), since they come 
fromTreferelce published prior to 1949. See Acta Cryst. 1, 46 (1948). Cubic-lattice constants have all 
been converted to Angstrom units. 
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Table 2e-2. Crystallographic Data for the Elements (Continued) 



Formula 












(temp., °C, * 
for the lattice 
constants given) 


Crystal 
system 


Space 
group 


Z 


Lattice constants, A,* 
a, b, c; a, 0, y 


Structure 
type 


Fe («) (20°) (sta- 
ble to 910°).. 

Fe ( T ) (stable 
910-1400°) . . . 

Fe (5) (stable 
above 1400°) . . 

Ga 


Cub. 

Cub. 

Cub. 
Orth. 


ImSm 

FmSm 

ImSm 
Abam 

(alt. 

Cmca) 
P§z/mmc 
FdSm 

PQ 3 /mmc 

PQz/mmc 
PGs/mmc 
RSm 
P§z/mmc 

Bmab 

I4/mmm 

FmSm 

ImSm 

FmSm 

P6z/mmc 

FmSm 

ImSm 
ImSm 
FmSm 

PQz/mmc 

IiSm 
P4i3 
F tet. 
ImSm 

P2 X S 


2 

4 

2 

8 

2 

8 

2 

2 
2 

1 
2 

4 
2 
4 
2 
4 

2 

4 

2 
2 

4 

2 

58 

20 

4 

2 

8 


2.86645 
3.64 

2.94 

4.5167 ± 0.0001, 
7.6448 + 0.0002, 
4.5107 ± 0.0001 

3.622, 5.748* 

5.6575t 

3.75,6.12* 

3.57, 5.83* 
3.1952, 5.0569 
2.999; 70°32' * 
3.557 + 0.003, 

5.620 ± 0.005* 
7.250, 9.772, 4.774 
3.241, 4.936 ± 0.002* 
3.8389 £ 0.0005 
5.344 ± 0.005 
5.60 (est. 98% pure) 
5.706 ± 0.017 
3.754 ± 0.010, 

6.063 ± 0.030* 
5.307 ± 0.002 

(99.6% pure) 
3.5087 ± 0.0002 
3.50 
4.41 (induced by 

plastic deformation) 
3.20280 ± 0.00003, 

5.19983 ± 0.00005* 

(99.995% pure) 
8.894 
6.30 

3.774, 3.533 
3.150 ± 0.005 

5.667 


A2 (b.c.c.) 

Al (f.c.c.) 

A2 (b.c.c.) 
All 


Gd... 


Hex. 
Cub. 

Hex. 

Hex. 
Hex. 
Trig. 
Hex. 

Orth. 

Tet. 

Cub. 

Cub. 

Cub. 

Cub. 

Hex. 

Cub. 

Cub. 
Cub. 
Cub. 

Hex. 

Cub. 
Tet. 
Tet. 
Cub. 

Cub. 


A3 (h.c.p.) 
A4 (dia- 
mond) 

A3 (h.c.p.) 

A3 (h.c.p.) 
A3 (h.c.p.) 
A10 
A3 (h.c.p.) 

A14 


Ge(25°) 

H 2 (4.2°K, and 
1.65°K) 

He (1.45°K, ca. 
37 atm) 

Hf 


Hg(-46°) 

Ho....... 


I 2 


In 


A6 


ir..-.:'..i: 


Al (f.c.c.) 
A2 (b.c.c.) 
Al (f.c.c.) 

A3 (h.c.p.) 

Al (f.c.c.) 

A2 (b.c.c.) 
A2 (b.c.c.) 
Al (f.c.c.) 

A3 (h.c.p.) 
A12 


K (20°) 

Kr (-252.5°)... 

(-184°) 

La 


La (0) 


Li 


Li (-196°) 

Li (-196°) 

Mg(25°) 

Mn (a) 


Mn 03).. 


A 13 


Mn (y) 




Mo 


A2 (b.c.c.) 
£21 (?) 


N (a) (at liquid 
H 2 ) (stable be- 
low 35.4°K) . . . 



* Starred values probably are not in Angstroms (A) but in kX (1 kX = 1.00202 A), since they come 
from a reference published prior to 1949. See Acta Cryst. 1, 46 (1948). Cubic-lattice constants have all 
been converted to Angstrom units. 
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Table 2e-2. Crystallographic Data for the Elements (Continued) 



Formula 












(temp., °C, 


Crystal 


Space 


z 


Lattice constants, A,* 


Structure 


for the lattice 


system 


group 




a, 6, c; «, 0, y 


type 


constants given) 












N 2 03) (45°K) 












(stable above 












35.4°K) 


Hex. 


PQ z /mmc 


2 


4.039, 6.670* 


AS (h.c.p.) 


Na 


Cub. 
Cub. 


ImSm 
Fm3m 


2 

4 


4.2906 ± 0.0005 
5.339 (induced by 


A2 (b.c.c.) 


Na (-195°) 


A\ (f.c.c.) 










plastic deformation at 












-253°) 




Nb (20°) 


Cub. 


ImSm 


2 


3.3008 ± 0.0003 (H 2 free) 


A2 (b.c.c.) 


Nd . 


Hex. 


PQ s /mmc 


2 


3.650 ± 0.003, 
5.890 ± 0.005* 


A3 (h.c.p.) 






Ne (at liquid He) 


Cub. 


FmSm 


4 


4.53 


Al (f.c.c.) 


Ni(25°) 


Cub. 


FmSm 


4 


3.52394 (99.99% pure) 


Al (f.c.c.) 


2 («) (stable 








1 Existing data are in con- 




below 23.5°K) 








| flict 




2 (0) (stable 












23.5-43.4°K).. 












2 (t) (50°K)... 


Cub. 


PaS{?) 




6.84 




Os (18°). 


Hex. 


P§$/mmc 


2 


2,7304 ±0.0005, 
4.3097 ± 0.0005 


A3 (h.c.p.) 


P (white) (-35°) 


Cub. 


cub. 


4 


7.18 not cubic at liquid- 
air temp 




P (black) ...... . 


Orth. 


Abam 


8 


4.38, 10.50, 3.31 


A17 


P (red). 


Mon.? 






7.34 (pseudo-cubic) 




Pb (18°). 


Cub. 


FmSm 


4 


4.9496 ± 0.0003 
(99.9% pure) 


Al (f.c.c.) 


Pd (18°). 


Cub. 


FmSm 


. 4 


3.8902 ±0.0003 


Al (f.c.c.) 


Po 


Mon.? 




12 


14.10, 4.29 ± 0.04, 
7.42 ± 0.07; ca. 92° 


A19? 






Pr («) (18°) 


Hex. 


PGz/mmc 


2 


3.657, 5.924* 
(99.4% pure) 


A3 (h.c.p.) 


Pr. 


Cub. 
Cub. 


FmSm 
FmSm 


4 
4 


5.151 

3.9237 ± 0.0003 


Al (f.c.c.) 


Pt (18°) . ■ 


Al (f.c.c.) 


(208°) : 


Cub. 


FmSm 




3.9310 


Al (f.c.c.) 


(600°) 


Cub. 


Fm2m 




3.9460 


Al (f.c.c.) 


Rb (19°) 


Cub. 


ImSm 


2 


5.709 


A2 (b.c.c.) 


Re 


Hex. 


PQz/mmc 


2 


2.7553 ± 0.0004, 
4.4493 ± 0.0003* 


A3 (h.c.p.) 






Rh 


Cub. 
Hex. 


FmSm 
Pbz/mmc 


4 
2 


3.8044 ± 0.0001 
2.69844, 4.27305* 


Al (f.c.c.) 


Ru (20°) 


A3 (h.c.p.) 


S (103°) 


Mon. 


P2i/c 


48 


10.90, 10.96, 11.02; 
96°44' 




s 


Orth 
Trig. 


Fddd 
RS (?) 


128 

1 i8 


12.92, 24.55, 10.48 
10.9, 4.26 kX 


A16 


S (unstable) . . . 




See page 2-52 for 


footnotes. 
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Table 2e-2. Crystallographic Data for the Elements (Continued) 



Formula 












(temp., °C, 


Crystal 


Space 


Z 


Lattice constants, A,* 


Structure 


for the lattice 


system 


group 


a, b y c; a, ft 7 


type 


constants given) 












Sb 


Trig. 


RSm 


6 


4.2995 ± 0.0002, 


Al 








11.2516 ± 0.0004* 










2 


(a rh 4.49762 ± 0.00018; 
a57°6'27" ± 19")* 




Sc 


Hex. 


PQz/mmc 


2 


3.302 ± 0.003, 


A3 (h.c.p.) 








5.245 ± 0.006* 


Sc 


Cub. 


Fm3m 


4 


4.541 ± 0.005 


Al (f.c.c.) 
AS 


Se (18°) . 


Trig. 


P3i21 or 


3 


4.35448 ± 0.00004, 






P3 2 21 




4.94962 ± 0.00002* 




Se(aorl) 


Mon. 




32 


9.05, 9.07, 11.61, ± 0.02; 
90°46' ± 5' 




Se (/5 or II) 


Mon. 


P2,/a 


32 


12.85, 8.07, 9.31 ±0.02; 
93°8' ± 5't 




Si (25°) 


Cub. 


FdSm 


8 


5.43059 ± 0.00005§ 


A4 (dia- 
mond) 










Sn («, gray) .... 


Cub. 


FdSm 


8 


6.47 


A4 (dia- 
mond) 


Sn' (ft white) 


Tet. 


I4/amd 


4 


5.81970 + 0.00002 


Ah 


(25°) 








3.17488 + 0.00005* 




Sr . 


Cub. 


FmSm 


4 


6.06 


Al (f.c.c.) 
A2 (b.c.c.) 


Ta (20°) 


Cub. 


ImSm 


2 


3.3026 ± 0.0003 


Tb 


Hex. 


PQ 3 /mmc 
P6 3 /mmc 


2 


3 585 5 662* 


AS (h.c.p.) 
A3 (h.c.p.) 


Tc 


Hex. 


2 


2.735 ± 0.001, 








4.388 ± 0.001* 


Te (18°) 


Trig. 


P3i21 or 
P3 2 21 


3 


4.44669 ± 0.00012, 
5.91494 ± 0.00002* . 


A8 (Se) 


Th 


Cub. 


FmSm 


4 


5.084 ± 0.002 and 
5.091 ± 0.002 on two 


Al (f.c.c.) 


















- different samples 




Ti (a) 


Hex. 


P6z/mmc 


2 


2 953 4 729* 


A3 (h.c.p.) 


Ti (ft 900°) 






4d •%J\J\3 • i» • £1*J 


(stable above 












882 ± 20°) . . . 


Cub. 


ImSm 


2 


3.33 


A2 (b.c.c.) 


TI (18°) ........ 


Hex. 


PQs/mmc 


2 


3.4496 ± 0.0002, 
5.5137 ± 0.0004* 
(99.995% pure) 


A3 (h.c.p.) 


TI (262°) (stable 


Cub. 


ImSm 


2 


3.874 ± 0.001 


A2 (b.c.c.) 


above 230° ?) 








(99.995% pure) 




Tm 


Hex. 


PQs/mmc 
Amain, 


2 


3.523, 5.564* 


A3 (h.c.p.) 
A 20 


U 


Orth. 


4 


4 945 5 865 2 852* 


U (0) (stable 


Tet. 


PAnm or 


30 


10.52, 5.57 




660-760°) 




P4n2 








U ( T ) (stable, 












760° to mp) 












(room tem- 












perature) . . . 


Cub. 


ImSm 


2 


3.474 ± 0.005 


A2 (b.c.c.) 


(800°) 


Cub. 


ImSm 


2 


3.49 


A2 (b.c.c.) 



* Starred values probably are not in angstroms 
from a reference published prior to 1949. See Acta 
been converted to Angstrom units. 



(A) but in kX (1 kX = 1.00202 A), since they come 
Cryst. 1, 46 (1948). Cubic-lattice constants have all 
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Table 2e-2. Crystallographic Data for the Elements (Continued) 



Formula 












(temp., °C, 


Crystal 


Space 


z 


Lattice constants, A,* 


Structure 


for the lattice 


system 


group 




a, 6, c; a, /3, y 


type 


constants given) 












V (25°) 


Cub. 
Cub. 


ImZm 
Im3m 


2 
2 


3.0399 ± 0.0003 
3.16475 ± 0.00012 


A2 (b.c.c.) 


W (a) (25°) 


A2 (b.c.c.) 


W (0) (trans- 












forms irre- 












versibly to a 












above 700°) . . . 


Cub. 


Pm3n 


8 


5.048 ± 0.003 


A15 


Xe (88°K) 


Cub. 


Fm3m 


4 


6.25 ± 0.025 


Al (f.c.c.) 


Y 


Hex. 


PfSi/mmc 


2 


3.663 ± 0.008, 
5.814 ± 0.012* 


A3 (h.c.p.) 














(99.5% pure) 




Yb 


Cub. 
Hex. 


Fm3m 
PQ d /mmc 


4 
2 


5.479 

2.6590 ± 0.0005, 
4.9351 ± 0.0009 


Al (f.c.c.) 


Zn 


A3 (h.c.p.) 














(99.99% pure) 




Zr 


Hex. 
Cub. 


PQz/mmc 
Im3m 


2 
2 


3.229, 5.141* 
3.62 


A3 (h.c.p.) 


Zr (0) (840°) .... 


A2 (b.c.c.) 



* Starred values probably are not in Angstroms (A) but in kX (1 kX = 1.00202 A), since they come 
from a reference published prior to 1949. See Acta Cryst. 1, 46 (1948). Cubic-lattice constants have all 
been converted to Angstrom units. 

t Greiner and Breidt, J. Metals 7, 187 (1955). 

% Burbank, R. D., Acta Cryst. 4, 140 (1951). 

1[ Burbank, R. D., Acta Cryst. 5, 236 (1952). 

§ Lipson and Rogers, Phil. Mag. 35, 544 (1944). 
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Table 2e-3. Crystallogbaphic Data for Selected Compounds 



Formula 












(temp., °C, 


Crystal 


Space 


Z 


Lattice constants, A* 


Structure 


for the lattice 


system 


group 


a, b y c; a, 0, 7 


type 


constants given) 












AI2O3 (a) (corun- 










dum) 


Trig. 


R3c 


6 


4.76 kX, 13.01 kX 


2)51 






2 


(a,rh 5.13 kX ± 0.02; a 












55°16' ± 5') 




A1 2 3 (0) % ... 


Hex. 


PQ/mmc 


12 


5.56 kX, 22.55 kX 


D56 


BaTi0 3 (barium 


Tet. 


P4/mmm 


1 


3.9860, 4.0259* 


Distortion of 


titanate) 










G5 


BaTi0 3 (200°) . . . . 


Cub. 


PmSm 


1 


4.012 kX 


Gb ("perov- 
skite 
type")f 


CaC0 3 (calcite) . . 


Trig. 


R3c 


6 
2 


4.983, 17.02* 

(a rA 6.361;a46°7')* 
d cleavage = 3.02904 
kX for first order 


Gl 


CaC0 3 (aragonite) 


Orth. 


Pnam 


4 


5.72, 7.94, 4.94* 


G2 


CaF 2 (fluorite) . . . 


Cub. 


FmSm 


4 


5.462 ± 0.003 


CI 


Cdli 


Trig. 
Cub. 


PSml 




4.24, 6.835* 


C6 


CoFe 2 4 (cobalt 


FdSm 


8 


8.37; also reported: 8.38 


#11 (spinel) t 


ferrite) 








and 8.412 




COOK(CHOH) 2 . 


Orth. 


P2i2i2 


4 


11 91 ± 0.04, 




COONa-4H 2 








14.32 ± 0.05, 




(rochelle salt) 








6.20 ± 0.02 




CsCl 


Cub. 


PmSm 


1 


4.121 ± 0.003 


B2 


Fe 3 4 (26°) (iron 












ferrite or mag- 












netite) 


Cub. 


FdSm 


8 


8.380 ± 0.002 


HU (spinel) t 
H22 


KH 2 P0 4 (20°) 


Tet. 


I42d 


4 


7.437, 6.945 ± 0.002;* 


(potassium 








also reported: 7.43, 




dihydrogen 








6.97* 




phosphate) 












MgAl 2 4 (spinel) . 


Cub. 


FdSm 


8 


8.116 ± 0.004 (contain- 
ing Fe, Cr, Mn) 


Hll 


MgFe 2 4 (mag- 


Cub. 


FdSm 


8 


8.359 ± 0.005; also 


#11 (spinel) t 


nesium ferrite) 








reported: 8.37 ± 0.3% 
and 8.38 ± 0.01 




MnFe 2 4 (man- 


Cub. 


FdSm 


8 


8.419 ± 0.003; also 


Hll (spinel) J 


ganese ferrite) 








reported: 8.589 ± 0.006 




NaCl (18°) 


Cub. 


FmSm 


4 


5.63874 ± 0.00002 


Bl 


NiAs . 


Hex. 


P§z/mmc 


2 


3.610, 5.028* 


BS 


NiFe 2 4 (nickel 


Cub. 


FdSm 


8 


8.357 ± 0.005; also 


Hll (spinel) J 


ferrite) 








reported: 8.43 




NH 4 H 2 P0 4 


Tet. 


I42d 


4 


7.51, 7.53;* also reported: 


H22 


(ammonium 








7.48, 7.56, and 7.479, 




dihydrogen 








7.516 ± 0.005* 




phosphate) 






1 





See page 2-54 for footnotes. 
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Table 2e-3. Crystallographic Data for Selected Compounds (Continued) 



Formula 












(temp., °C, 


Crystal 


Space 


Z 


Lattice constants, A* 


Structure 


for the lattice 


system 


group 


a, b, c; a, |8, y 


type 


constants given) 






3 






SiC>2 (low quartz, 


Trig. 


P3 2 21 or 


4.910 + 0.01, 


C84ike 


stable up to 




P3i21 




5.394 ± 0.01 




573° ± 1°) 












Si0 2 (high quartz, 


Hex. 


P6 2 22 or 


3 


5.01, 5.47 


C8 


stable 573-870°) 




P6 4 22 








Si0 2 (upper high 


Hex. 


PQs/mmc 


4 


5.03, 8.22 (determined 


C10 


tridy mite ; sta- 








outside its stability 




ble 870-1470°) 








range?) 




Si0 2 (high cristo- 


Cub. 


F2 X 3 


8 


7.1473 (at 1300°C) 


C9 


balite, stable 




(also as 








1470-1710°, mp) 




FdSm) 








ZnS ("blende" or 


Cub. 


F43m 


4 


5.423 ± 0.006 (contain- 


BZ 


sphalerite) 








ing 0.16 wt. % Fe) 




ZnS (wurtzite) . . .. 


Hex. 


PQmc 


2 


3.811, 6.234* 


B4: 



* Starred values probably are not in Angstroms (A) but in kX (1 kX = 1.00202 A), since they come 
from a reference published prior to 1949. See Acta Cry at. 1, 46 (1948). Cubic-lattice constants have 
been converted to Angstrom units, * 

t Now known not to be the structure of perovskite. 

% "Spinel" in this table includes "inverse spinel." 

Illustrative References 

References 1 to 5 give crystallographic data. References 6 to 10 are texts dealing 
with crystal structure. 

1. Donnay, J. D. H., and Werner Nowacki: " Crystal Data," Geological Society of 
America Memoir 60, Geological Society of America, New York, 1954. 

2. Palache, C, H. Berman, and C. Frondel: "The System of Mineralogy," 7th ed., 
John Wiley & Sons, Inc., New York; Chapman & Hall, Ltd., London, vol. 1, 
1944; vol. II, 1951. 

3. Structure Reports, the continuation of the Strukturbericht, published for the 
International Union of Crystallography by N. V. A. Oosthoek's Uitgevers MIJ, 
Utrecht, Netherlands. 

4. Strukturbericht, a digest of crystal-structure literature from 1913 through 1939, 
published in conjunction with the Zeitschrift fur Kristallographie. 

5. Wyckoff, R. W. G.: Crystal Structures, Interscience Publishers, Inc., New York 
and London, vol. I, 1948; vol. II, 1951; vol. Ill, 1953. 

6. Barrett, C. S.: " Structure of Metals," 2d ed., McGraw-Hill Book Company, Inc., 
New York, 1952. 

7. Bragg, W. L.: "The Crystalline State," George Bell & Sons, Ltd., London; The 
Macmillan Company, New York, 1939. 

8. Buerger, M. J.: " X-ray Crystallography," John Wiley & Sons, Inc., New York; 
Chapman & Hall, Ltd., London, 1942. 

9. Bunn, C. W.: "Chemical Crystallography," Oxford University Press, New York, 
1946. 

10. Mason, W. P.: "Piezoelectric Crystals and Their Application to Ultrasonics," 
D. Van Nostrand Company, Inc., New York, 1950. 



2f. Elastic Constants, Hardness, Strength, and 
Elastic Limits of Solids 

H. M. TRENT AND D. E. STONE 
Naval Research Laboratory 



2f-l. Introduction. For the fundamental ideas connected with elasticity and the 
definition of the elastic constant, see Sec. 2a~6. The notation used in this section is 
presented below. For other definitions see Sec. 2f-3. 

Symbols 

E Young's modulus S.S. shear strength 

G rigidity modulus El. elongation 

a Poisson's ratio R.A. reduction in area 

p density Bhn Brinell hardness number 

Sij elastic constant (cf. Sec. 2a-6) R Rockwell hardness number 

dj elastic coefficient (cf. Sec. 2a-6) (often used with subscripts) 

T.S. tensile strength VDH, Vhn Vickers hardness number 

Y.S. yield strength D diffusion coefficient 

Y.P. yield point 

2f-2. Elastic Constants and Coefficients of Crystals. Tables 2f-l to 5 present 
tabulated values of the elastic constants £*, and elastic coefficients C» 7 for cubic, 
tetragonal, trigonal, hexagonal, and rhombic crystals (cf. Sec. 2e for X-ray crystallo- 
graphic data). 

For other values, see also Tables 2h-2 and 3h-3. 

2f-3. Elastic Constants, Hardness, Strength, and Elastic Limits of Polycrystalline 
Solids. Tables 2f-6 through 2f-15 contain data on the Young's modulus, modulus of 
rigidity, hardness, etc., of various solids, metals, and alloys. The elastic constants, 
tensile strength, yield strength, shear strength, and all other quantities having the 
dimensions of stress are expressed in dynes per square centimeter. The definitions of 
these and other tabulated quantities are given in the following list. 

Definitions (Continued on pages 2-69, 2-78, 2-80) 

1. Tensile Strength. 1 "The maximum tensile stress which a material is capable of 
developing." 

Note: In practice, it is considered to be the maximum stress developed by a specimen 
representing the material in a tension test carried to rupture, under definite prescribed 
conditions. Tensile strength is calculated from the maximum load P carried during a 
tension test and the original cross-sectional area of the specimen Aq from the formula 

p 
Tensile strength = — 

io 

2. Yield Strength. 1 "The stress at which a material exhibits a specified permanent 
set." 

1 Standard Definitions of Terms Relating to Methods of Testing, ASTM E6-36. 
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Table 2f-l. Elastic Constants and Coefficients of Cubic Crystals 
(Su in units of 10~ 13 cm 2 /dyne; C»,- in units of 10 11 dynes /cm 2 ) 



Material 



Silver (Ag) 

75 Ag, 25 Au 

50 Ag, 50 Au 

Alum 

Aluminum (Al) 

Al, 5 Cu 

Ammonium alum . . . 

Gold (Au) 

75 Au, 25 Ag 

Barium nitrate 

Copper (Cu) 

Cu3Au 

Cu3Au.. . 

CuaAu 

CuZn 

72 Cu, 28 Zn 

Cu53Zn47 (0-brass) . . 
Cus3Zn47 (0-brass) . . . 
Cu53Zn47 (iS brass) . . , 
Cu53Zn47 (a brass) . . 

Cu, 4 Si 

Cr. Alum 

CaF2 (fluorspar) 

Diamond 

FeS 2 (pyrite) 

Garnet 21.8% FeO. 
Garnet 22.7% FeO. 
Garnet 23.0% FeO. 
Garnet 23.6% FeO. 
Garnet 26.2 % FeO . 

Garnet 28.7% FeO. 
Garnet 33.5% FeO. 

Fe 

Germanium 

KBr 

KC1.... 

KC1 

KC1 

KI 

Potassium alum 

K 

LiF 

MgO 

MgO 

MgO 

MgO 

MgO 

MgO 

Na 

Na 

Na 

NaBr 

NaCl 

NaCl 

NaCl 

NaCl 

NaClOs 

NaC10 3 

NH 4 Br 

NH4CI 

Nickel (Ni) 

Lead (Pb) 

Si 

W (tungsten) 

Zinc blende 

Galena 

Chromium oxide. . 

Iron purite 

Fluorspar 

Magnelite 

Sodium chlorate. . 

Rock salt . . . . ..-. 



Test 
temp. 



Room 
Room 
Room 



Room 
Room 



Room 
Room 
Room 
Room 
20°C 
100°C 
300°C 



811 
(1) 



23.2 
20.7 
19.7 



15.9 
15 



23.3 

20.5 



14.91 
13.44 
13.80 
15.12 



Room 
24° 
195°C 
389°C 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 
Room 

25°C 
Room 
-193°C 
-3°C 
Room 
Room 
Room 
Room 
Room 

- 193°C 

- 103°C 
-3°C 

97°C 
197°C 
287°C 

- 193°C 
-63°C 
Room 
Room 

-3°C 
Room 

97°C 
197°C 
Room 

26°C 
Room 
Room 
Room 
Room 

25°C 
Room 
Room 
Room 
Room 
Room 
Room 



19.4 
38.8 
36.1 
41.5 



6.92 
*2.89 



Su 
(2) 



-9.93 
-8.91 
-8.52 



-5.80 
-6.9 



-10.65 
-9.09 



-6.25 
-5.65 
-6.10 
-6.46 



-8.4 
-15.2 
-14.2 
-15.3 



7.72 
9.685 
31.7 
21.36 
25.23 
27.4 
39.2 



-1.49 
+6.44 



(3) 



22.9 
20.5 
19.7 



35.16 
37 



23.8 
20.6 



13.28 
15.08 
15.45 
15.93 



13.9 
5.78 
5.80 
6.24 



29.6 
9AS 



Cu 
(4) 



12.0 



2.56 
10.56 



2.50 
18.7 



6.02 
17.10 



12.91 
'5.40 



-2.85 

-2.70 

-4.7 

-2.3 

-3.3 

-1.38 

-5.4 



833 
10.6 
3.839 
3.888 
3.991 
4.109 
4.243 
4.383 

482.6 

535.4 



40.0 

22.08 

24.3 

24.40 

27.33 

24.60 



93 



-370 
-2.9 
-0.855 
-0.878 
-0.922 
-0.972 
-1.027 
-1.085 

-208.7 

-232.1 



-11.5 
-4.49 
-5.27 
-5.43 
-6.62 

+ 12.5 



9.02 
14.94 
161 
150.7 
157.3 
156 
238 



15.22 
16.2 

2.37 
16.4 
95.0 
36.1 
19.7 
19.2 
22.2 
21.0 
22.6 
27.3 
32.7 
23.7 
12.98 

3.33 



380 
15.9 
6.380 
6.399 
6.447 
6.502 
6.564 
6.626 

168.5 

203.7 



Cu 
(5) 



8.97 



1.07 
6.39 



1.06 
15.7 



1.86 
12.39 



10.97 



3.55 



11.62 
12.0 
0.93 
4.48 
39.0 
-4.74 
9.0 
9.9 
10.4 
10.3 
12.6 
15.7 
12.4 
14.1 
4.88 
0.58 



C44 

(6) 



4.36 



0.86 
2.853 



0.80 
4.36 



1.21 
7.56 



8.24 



17.3 



4.095 



2.56 

0.459 

9.9 



2.573 
20.0 



-42.6 



-0.729 
-8.0 



75.4 

78.26 

78.8 

80.36 

82.85 

83.7 



7.19 
7.55 
0.77 
3.38 
43.0 
10.55 
5.7 
5.9 
7.0 
6.7 
6.2 
6.8 
8.9 
11.6 
6.73 
0.62 



0.705 



1.07 

0.372 

4.3 



0.945 0.779 0.618 



Ref.* 
cols. 
1-3 



0.630 



0.86 

0.263 

5.4 



4.911 1.225 1.284 



69.4 



6.604 
24.3 



4.89 

2.96 

3.90 

24.4 

4.76 

16.740 

50.2 

10.79 

8.69 

32.25 

36.7 

16.44 

27.25 

5.09 

4.97 



1.39 
0.59 
0.72 

15.8 
4.03 
6.523 

19.9 
7.22 
4.01 

14.37 

-4.64 

5.02 

10.6 
1.55 
1.27 



1.173 

0.53 

0.68 

10.2 
1.44 
7.957 

15.1 
4.12 
4.42 

11.67 

10.52 
3.47 
9.71 
1.18 
1.27 



23 
58 



10 
56 

i3 

58 

i3 
29 
29 
29 

57 

46 
46 
46 



26 
26 



59 
38 
3 
6 
6 
26 
3 

39 
24 



6 
22 
22 

3 

6 

26 

6 

6 

26 



2 
61 



Ref.* 
cols. 
4-6 



* References are on p. 2-58. 
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Table 2f-2. Elastic Constants and Coefficients for Tetragonal Crystals 
(Sij in units of 10 -13 cm 2 /dyne; Cn in units of 10 11 dynes /cm 2 ) 



Material 


Test 
temp. 


(1) 


$33 
(2) 


$44 

(3) 


$66 

(4) 


S12 
(5) 


$13 
(6) 


(7) 


^66 

(8) 


C12 
(9) 


Ref.* 
cols. 
1-6 


Ref.* 
cols. 
7-9 


Tin (Sn) .... 


Room 
26°C 
26°C 


18.5 


11.8 


57.0 


135 


-9.9 


-2.5 








73 




KD2PO4 


7.04 
6.7 


0.607 
0.4 


0.46 
0.2 


72 


RbH 2 P0 4 . . . 














72 



















* References are on p. 2-58. 

Table 2f-3. Elastic Constants and - Coefficients for Trigonal Crystals 
{Cn in units of 10 11 dynes /cm 2 ; S*,- in units of 10 -13 cm 2 /glyne) 



Material 



Calespar 

Corundum 

Quartz 

Sodium nitrate. 



a quartz 

Bismuth (Bi) . 

Calespar 

Fe 2 3 ... !.... 

Hematite 

Hg 

Quartz 

Sb 

Tellurium .... 
Tourmaline . . . 



Test 
temp. 



Room 
Room 
Room 
Room 



Room 
Room 
Room 
Room 
Room 
-190° 
Room 
Room 
Room 
Room 



Cn 



13.74 
46.5 
86.94 
8.67 



12.98 
2.69 
11.3 
4.42 
4.41 
15.4 
13.0 
17.7 
48.7 
3.99 



C33 



8.01 
56.3 
106.80 
3.74 



£3 



9.90 



28 
17 

4 

4 

4 

9.9 
33.8 
23.4 

6.24 



.7 

.5 

.44 

.43 

.5 



3.42 
23.3 
57.62 

2.13 



20.05 
104.8 
40.3 
11.93 
11.9 
15.1 
20.0 
41.0 
58.1 
15.14 



4.40 
12.4 
6.96 
1.63 



-1.66 

-14 
-3.7 
-1.02 
-,1.02 

-11.9 
-1.66 
-3.8 
-6.9 
-1.03 



C„ 



4.50 
11.7 
15.60 

1.60 



-1 
-6 
-4 
-0 
-0 
-2 
-1 
-8. 
-13 
-0 



Cu 



-2.03 
10.1 
17.43 
0.82 



81. 



-4.31 
+ 16.0 
+9.1 
+0.80 
+0.79 
-10.0 
-4.30 
-8.0 

+0.58 



Ref." 



74 
75 
75 

74 



26 
73 
70 
26 
70 
15 
70 
73 
2 
26 



* References are on p. 2-58. 

Table 2f-4. Elastic Constants and Coefficients for Hexagonal Crystals 
(dj in units of 10 11 dynes/cm 2 ; Sn in units of 10 -13 em 2 /dyne) 



Material 


Test 
temp. 


Cn 
(1) 


C 33 
(2) 


C44 
(3) 


C12 
(4) 


(5) 


£11 
(6) 


&3 

(7) 


&4 
(8) 


Sn 
(9) 


5X8 

(10) 


Ref.* 
cols. 
1-5 


Ref.* 
cols. 
6-10 


Beryl (sea green) 

/S quartz 


Room 
600°C 
Room 
Room 
Room 
25°C 


29.71 
11.84 
16.67 


26.50 
10.70 
13.96 


7.54 
3.585 
6.63 


10.26 
1.90 


7.39 
3.20 
6.55 


4.42 
9.257 

12.3 
22.1 
8.38 


4.70 
10.85 

35.5 
19.7 
28.4 


15.3 
27.89 

54.0 
60.3 
26.1 


-1.37 
-0.802 

-1.5 

-7.7 

0.5 


-0.86 
-2.52 

-9.3 
-4.9 
-7.31 


67 
45 
122 


70 
45 

14 
11 
69 


Phosphorite 

Cadmium (Cd) 

Magnesium (Mg) . . . 
Zinc (Zn) 





" References are on p. 2-58. 
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Table 2f-5. Elastic Constants and Coefficients for Rhombic Crystals 

(At room temperature; C»,- in units of 10 n dynes/cm 2 ; 

Sij in units of 10~ 13 cm 2 /dyne) 



Material 


Cn 


C22 


C33 


C44 


C 66 


C 66 


C12 


C 13 


C23 


Ref.* 




4.61 
4.06 
6.98 
4.00 
2.40 


5.47 
5.20 
5.29 
3.22 
2.05 


6.65 
6.40 
8.22 
5.45 
4.83 


1.24 
1.22 
1.07 
0.50 
0.43 


0.31 
0.30 
2.33 
1.70 
0.87 


0.98 
0.95 
2.22 
1.81 
0.76 


2.86 
2.56 
3.90 
1.32 
1.33 


3.20 
3.46 
2.82 
1.08 
1.71 


3.52 
3.20 
2.83 
1.19 
1.59 


76 




76 


MgS04*7H20 


76 


ZnS04-7H20 


76 


S (orthorhombic) 


77 




Sn 


-S22 


(S33 


«44 


*Ss6 


See 


S12 


-S13 


S23 






37.1 
50.2 
24.5 
29.5 
89.9 

6.97 
16.45 
55.7 

4.43 


31.6 
30.4 
34.1 
37.7 
106.0 
13.2 
18.94 
38.5 
3.53 


26.4 
31.7 
15.0 
20.4 
38.4 
12.2 
10.63 
37.3 
3.84 


80.6 
82.0 
93.5 

200.0 

232 
24.3 
83.9 
87.4 
9.24 


323 

333 
42.9 
58.8 

115 
39.0 
34.9 

359.9 
7.54 


100 

106 
45.0 
55.5 

132 
23.5 
36.0 

118.4 
7.64 


-12.0 
-11.6 
-16.6 
-10.8 
45.2 
-2.37 
-2.51 
-5.0 
-0.66 


-11.5 
-21.4 
-2.68 
-3.49 
13.6 
0.43 
-1.92 
-34.3 
-0.86 


-10.9 
-8.95 
-6.05 
-6.10 
18.8 
-3.04 
-8.97 
-8.7 
-1.37 


76 




76 


MgS04-7H 2 


76 


ZnS04-7H20 


76 


S (orthorhombic) 


77 
26 




26 


Ammonium rochelle salt . . 


20 
26 







* References are below. 
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Abbreviations in Tables 2f-6 through 2f-15 

Abbreviation Definition 

H.R Hot rolled 

C.R Cold rolled 

W.Q Water quenched 

O.Q. ............... Oil quenched • 

A.Q Air quenched 

A.C Air cooled 

F.C Furnace cooled 

h-t. Heat-treated 

wr Wrought 

ann Annealed 

art. aged Artificially aged 

nat. aged Naturally aged 

spec . . .............. Specimen 

G.S Grain size 
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The yield strength is conventionally determined in either of two ways. In the first 
method, a specimen of the material is repeatedly loaded and unloaded with the load 
being increased at each cycle, the process being continued until a specified permanent 
set is obtained after one of the unloadings. The stress which produces this specified 
permanent set is called the yield strength. 

In the second method, known as the offset method, a load-elongation curve is deter- 
mined experimentally, the elongation being measured in units of extension per unit 
length of the undeformed specimen. A straight line is then drawn having a slope 
equal to the initial slope of the load-elongation curve and an intercept on the elonga- 
tion axis equal to the specified offset, which is usually given in units of per cent 
elongation. The yield strength is taken to be that load defined by the interaction of 
the added straight line with the load-elongation curve. 

Further discussion of yield strength can be found in ASTM E6-36. 

3. Yield Point 1 The stress at which a marked increase in deformation takes place 
without increase in the load. 

4. Shear Strength. 2 "The stress, usually expressed in pounds per square inch, 
required to produce fracture when impressed perpendicularly upon the cross-section 
of a material." 

5. Elongation. 3 "In tensile testing the elongation of a specimen is the increase 
in gage length, after rupture, referred to the original gage length. It is reported as 
percentage elongation." 

6. Reduction in Area. 3 "In tensile testing the reduction in area of a specimen is the 
ratio of the difference between the original cross-sectional area of the specimen and the 
cross-sectional area after rupture, to the original cross-sectional area. It is reported 
as the percentage reduction of area." 

7. Rockwell Hardness Number. 2 "A hardness value indicated on a direct-reading 
dial when a designated load is imposed on a metallic material in the Rockwell hardness 
testing machine using a steel ball or a diamond penetrator. The value must be 
qualified by reference to the load and penetrator used. Several scales are in common 
use: Rockwell A hardness is determined with a minor load of 10 kg and a major load 
of 60 kg using the diamond cone (brale) ; Rockwell B hardness is determined with a 
minor load of 10 kg and a major load of 100 kg using a A-in. steel ball; Rockwell C 
hardness is determined with a minor load of 10 kg and a major load of 150 kg using the 
diamond cone"; Rockwell D hardness is determined with a minor load of 10 kg and a 
major load of 100 kg using a diamond cone indenter; Rockwell E hardness is deter- 
mined with a minor load of 10 kg and a major load of 100 kg using a |-in. steel ball 
indenter; Rockwell F hardness is determined with a minor load of 10 kg and a major 
load of 60 kg using a A"in. steel ball; Rockwell G hardness is determined with a minor 
load of 10 kg and a major load of 150 kg, using a iV" 1 - steel ball indenter. 

A second set of Rockwell hardness numbers are the Rockwell superficial hardness 
numbers. One of these is the Rockwell 15T hardness which is determined with a 
minor load of 3 kg and a major load of 15 kg, using a iVin. steel ball. 

Note: The methods of determining the hardness values can be found in Standard Meth- 
ods of Test for Rockwell Hardness and Rockwell Superficial Hardness of Metallic Mate- 
rials, ASTM El 8-42. 

8. Brinell Hardness Number. 4 "A hard spherical indenter of diameter D mm is 
pressed into the metal surface under a load W kg and the mean chordal diameter of the* 

1 "Metals Handbook," 1948 ed., American Society for Metals. 

2 J. G. Henderson, "Metallurgical Dictionary." 
- 3 Natl. Bur. Standards (U.S.) Circ. C447. 

4 D. Tabor, "The Hardness of Metals." 
* Continued on p. 2-78. 
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Table 2f-15. Elastic and Strength Constants for Zinc and Zinc Alloys 



Alloy 


Condition 


Tensile 
strength 


Elonga- 
tion, % 
in 2 in. 


Bhn 


Shear 
strength 


Ref.* 


3.5-4.3 Al, 0.03-0.08 Mg...... 

3.5-4.3 Al, 0.75-1.25 Cu, 0.03-0.08 

Mg 
3.5-4.5 Al, 2.5-3.5 Cu, 0.02-0.10 

Mg 
4.5-5.0 Al, 0.2-0.3 Cu 

5.25-5.75 Al 


Die cast, H-i n « 

section 
Die cast, 34-in. 

section 
Die cast, K~in« 

section 
Chill cast, M- 

in. section 
Chill cast, f£- 

in. section 
H.R. strip 
H.R. strip 
H.R. strip 
H.R. strip 
H.R. strip 


28 X 108 

33 X 10» 

35.9 X 108 

19 X 108 

17 X 10» 

13.4-16 X 10 8 
14-17 X 10 8 
16-20 X 10 8 
16-22 X 10 8 
19-25 X 108 


10 

7 
8 

1 

50-65 
30-52 
32-50 
15-20 
10-20 


82 
91 
100 

38 
43 

47 
52 
61 


21 X 10 8 
26 X 108 
32 X 10 8 


1 

1 
1 
1 
1 


<0.10 Pb 

0.05-0.10 Pb, 0.05-0.08 Cd 

0.25-0.50 Pb, 0.25-0.45 Cd 

0.85-1.25 Cu 


1 
1 

1 
1 


0.85-1.25 Cu, 0.006-0.016 Mg. . . 


1 



* References are below. 

References for Tables 2f-6 through 2f-15 

1. "Metals Handbook," 1948 ed., American Society for Metals. 

2. Natl. Bur. Standards (U.S.) Circ. C447, 1943. 

3. Bain, E. C: "Functions of the Alloying Elements in Steel," American Society for 
fMetals, 1939. 

4. Hoyt, S. L.: "Metals and Alloys Data Book," Reinhold Publishing Corporation, 
New York, 1943. 

5. "Selection of Special Steels, Data Sheet," D.T.A. 72, Soci6te de commentry, 
£aris, France, 1946. 

6. Halley, J. W.: Pat. 2402135, 1946. 

7. "Nickel Alloy Steel," 2d ed., The International Nickel Co., Inc., New York, 1949. 

8. "Fox Alloy Steels," Samuel Fox and Co. Ltd., Sheffield, England, 1942. 

9. "Case Hardening of Nickel Alloy Steels," International Nickel Co., New York, 
1941. 

10. Everett, F. L., and J. Miklowitz: J. Appl. Phys. 16 (1944). 

11. Climax Molybdenum Company Laboratory Records. 

12. "Sheet Iron, a Primer," Republic Steel Corp., 1934. 

13. Comstock, G. F.: /. Am. Ceram. Soc. 29 (1946). 

14. "Magnesium Alloys and Products," Dow Chemical Co., 1950. 

15. "Nickel," The International Nickel Co., Inc., rev. 1951. 

resultant indentation measured {d mm). The Brinell hardness number (Bhn) is 
defined as 

W 



Bhn = 



curved area of indentation 

2W 

ttD(D - VD* - d 2 ) 



and is expressed in kg/mm 2 ." 

9. Vickers Hardness Number. 1 "A pyramidal diamond indenter is pressed into the 
surface of a metal under a load of W kg and the mean diagonal of the resultant indenta- 

i D. Tabor, "The Hardness of Metals." 
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Table 2f-16. Diffusion Coefficients for Metals 



2-79 



Metal 



Ag into Ag 

Ag into Ag 

Ag into Ag 

Ag into Ag 

Ag into Ag 

Ag into Ag 

Al into Cu . . . . 

Au into Au 

Au into Cu 

Be into Cu 

Biinto Pb.. 

Cd into Cu 

Cd into Ag 

Cdinto Pb 

Cl~ into NaCl single crystals 
Cl~ into NaCl single crystals 
CI - into NaCl single crystals 
CI - into NaCl single crystals 
Cl~ into»NaCl single crystals 

Cu into Cu 

Cu into Cu 

Cu into Cu 

Cu into Cu 

Cuinto CuO 

Cuinto CuO.... .. 

Cumto CuO 

Cu into Ag 

In into In 

In into In 

In into In 

In into In. 

In into In ' 

In into In 

In into Ag 

Liq. Hg into liq. Hg 

Liq. Hg into liq. Hg 

Lig. Hg into liq. Hg 

Liq. Hg into liq. Hg 

Liq. Hg into liq. Hg 

Liq. Hg into liq. Hg 

Liq. Hg into liq. Hg 

Mn into Cu 

Ni into Cu...... 

Niinto Pb 

Pdinto Cu 



Test 
temp. 


\sec/ 


Ref. 


Room 


0.895 


1 


460°C 


8.0 X 10~ 14 


11 


600°C 


5.9 X 10~ 12 


11 


666°C 


2.45 X 10" 11 


2 


794°C 


3 . 64 X 10~ 10 


2 


936°C 


4.61 X lO- 9 


2 


Room 


1.75 X 10" 2 


1 


Room 


0.160 


3 


Room 


0.1 ± 0.06 


4 


Room 


2.32 X 10" 4 


1 


Room 


0.018 


3 


Room 


1.97 X 10" 9 


3 


Room 


7.3 X 10" 5 


3 


Room 


1.8 X 10~ 3 


3 


650°C 


7.25 X lO" 11 


5 


681°C 


2.84 X 10~ 10 


5 


703°C 


6.76 X 10~ 10 


5 


735°C 


1.67 X 10~ 9 


5 


762°C 


2.52 X 10-» 


' 5 


Room 


0.1-47 


1 


700°C 


4.06 X 10" 12 


7 


900 Q C 


3.58 X10" 10 


7 


1000°C 


1 .95 X 10" 9 


7 


800°C 


0.19 X 10~ 8 


6 


900°C 


0.77 X 10" 8 


6 


1000°C 


3 2 X 10-* 


6 


Room 


5.95 X 10" 5 


1 


49.95°C 


7-8.5 X 10" 13 


9 


87.25°C 


1.4-1.5 X lO" 11 


9 


155.50°C 


1 . 14 X 10" 9 


9 


155.81°C 


1.70 X 10" 7 


9 


156.60°C 


6.52 X 10" 6 


9 


157.30°C 


1.23 X 10" 5 


9 


Room 


4.85 X 10" 5 


1 


2.5°C 


1.52 X 10" B 


8 


16.4°C 


1 . 68 X 10~ 5 


8 


23.0°C 


1.79 X 10" 5 


8 


31.9°C 


1.88 X 10" 6 


8 


41.5°C 


1.98 X 10~ 5 


8 


66.1°C 


2.24 X 10~ 5 


8 


91.2°C 


2.57 X 10-* 


8 


Room 


0.72 X 10- 5 


1 


Room 


6.5 X 10-* 


1 


Room 


0.66 


1 


Room 


0.16 X 10~ 5 


1 
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Table 2f-16. Diffusion Coefficients for Metals (Continued) 



Metal 


Test 
temp. 


\sec / 


Ref. 


Pt into Cu 


Room 

Room 

Room 
1435 ± 5°C 

Room 

Room 

Room 

Room 

49.27°C 

74.19°C 
101.55°C 
139.16°C 
155.60°C 
155.91°C 
157.80°C 

Room 


1.02 X 10~ 4 

6.6 

5.31 X lO- 5 

1 . 1 X 10~ 7 
3.7 X 10- 2 
7.82 X 10~ 5 
1.13 

3.96 

1.4 X IO-12 

9.2 X IO-12 
4.6-4.8 X 10-n 
2.8-3.2 X 10-i° 
2.17 X 10~ 9 
1.87 X 10~ 7 
2.27 X lO- 5 

025 


1 


Pb into Pb • • . 


1 


Sb into Ag . 


1 


Si into ferrite 


10 


Si into Cu 


1 


Sn into Ag 


1 


Sn into Cu 


1 


Sn into Pb 


1 


Ti into In 


9 


Ti into In 


9 


Ti into In 


9 


Ti into In 


9 


Ti into In 


9 


Ti into In 


9 


Ti into In 


9 


Ti into Pb 


1 







N. B. 
of H. 



The values quoted from ref. 1 are for Do in the equation D =» Doe~ H / RT . Cf. ref. 1 for values 



References 

1. Nowick, A. S.: J. Appl. Phys. 22, 1182 (1951). 

2. Slifkin, L., D. Lazarus, and T. Tomizuka: /. Appl. Phys. 23, 1032 (1952). 

3. Smithells, C. J.: "Metals Reference Book." 

4. Martin, A. B.: and F. Asaro: Phys. Rev. 80, 123A (1950). 

5. Chemla, Marius: Compt. rend. 234, 2601 (1952). 

6. Moore, W. J., and Bernard Selikson: J. Chem. Phys. 19, 1539 (1951). 

7. Cohen, G., and G. C. Kuczynski: J. Appl. Phys. 21, 1339L (1950). 

8. Hoffman, R. E.: J. Chem. Phys. 20, 1567 (1951). 

9. Eckert, R. E., and H. G. Drickamer: /. Chem. Phys. 20, 13 (1951). 

10. Bradshaw, F. J., G. Hoyle, and K. Speight: Nature 171, 488 (1953). 

11. Kuczynski, G. C: /. Appl. Phys. 21, 632 (1950). 

tion measured (d mm). The Vickers hardness number (Vhn), or Vickers diamond 
hardness (Vdh), is defined as 

_ W 

Vdh (or Vhn) - pyramidal area of indentation 

The indenter has an angle of 136° between opposite faces and 146° between opposite 
edges. From simple geometry, this means that the pyramidal area of the indentation 
is greater than the projected area of the indentation by the ratio 1:0.9272. 

0.9272IT 



Hence 



Vdh = 



projected area of indentation 
1.8544 JF/d 2 



The value is expressed in kg/mm 2 ." 

10. Diffusion Coefficient. If the concentration (mass of solid per unit volume of 
solution) at one surface of a layer of liquid is d h and at the other surface d 2 , the thick- 
ness of the layer is h, the area under consideration is A, and the mass of a given sub- 
stance which diffuses through the cross section A in time t is m, then the diffusion 
coefficient is denned as 

D = mh 

u A(d* - d x )t 



2g. Mechanical Properties of Gels and 
Thixotropic Substances 



THOR L. SMITH 

Jet Propulsion Laboratory 
California Institute of Technology 



2g-l. Introduction. A gel 1 may be defined as a colloidal disperse system which (1) 
contains a dispersed component and a dispersion medium, both of which extend con- 
tinuously throughout the system and (2) has time-independent or equilibrium elastic 
properties, e.g., it will support a static shear stress without undergoing permanent 
deformation. Gels are similar to solids in that they have a shear modulus of rigidity, 
but they are similar to liquids in most of their other physical properties. 

The dispersed component of a gel must be a three-dimensional network held 
together by bonds or junction points whose lifetimes are essentially infinite. The 
junction points may be formed by primary valence bonds, long-range attractive forces, 
or secondary valence bonds that cause association between segments of polymer chains 
or formation of submicroscopic crystalline regions. 

Certain systems, such as moderately concentrated polymer solutions, are similar to 
gels but differ in an important respect: they undergo flow when a shear stress, no 
matter how small, is applied, since they contain a network formed by molecular 
entanglements and the junction points are transient. They exhibit time-dependent 
elastic properties, as shown by stress-relaxation experiments or dynamic experiments 
with periodic stress, 2 but they do not have equilibrium elastic properties as do true 
gels. 

A class of materials that includes dry gelatin, agar, and lightly cross-linked rubber is 
called xerogels. Xerogels when in contact with suitable solvents swell to form gels. 

A thixotropic substance is a gel which can undergo an isothermal gel-sol-gel trans- 
formation. The gel is transformed into a sol by mechanical agitation, and the sol 
reverts to a gel when the agitation is discontinued. The gel-sol transformation occurs 
if the gel is subjected to a shear stress greater than some critical amount, called the 
yield value. 

2g-2. Gels. The equilibrium rigidity modulus of gels that have a dispersed com- 
ponent composed of randomly kinked long molecular chains which are cross-linked by 
primary valence bonds (or occasionally secondary valence bonds) is given approxi- 
mately by the statistical theory of rubber elasticity. 3 The theory equates the total 
elastic force of a deformed gel to the decrease in configurational entropy of the net 
work chains. The theory can be applied to gels formed in several different ways: (1) 
by swelling a lightly cross-linked polymer such as rubber; (2) by introducing sufficient 

1 P. H. Hermans, Gels, in " Colloid Science," vol. II, H. R. Kruyt, ed., Elsevier Press, Inc.. 
New York, 1949. 

2 J. D. Ferry, Physical Properties of High Polymers, in "Annual Review of Physical 
Chemistry," vol. 4, Annual Reviews, Inc., Stanford, Calif. 

3 P. J. Flory, "Principles of Polymer Chemistry," Cornell University Press, Ithaca, 
N.Y., 1953. 
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cross links between polymer molecules in solution to form a three-dimensional net- 
work; or (3) by adding or removing some of the solvent in the gels formed under (2). 
The modulus of rigidity G for any gel of the three classes is given by the equation 

G = Jfc RTv 2 i(v 2 °)l (2g-l) 

where p is the density of the dry polymeric material, M c the number average molecular 
weight of polymer segments between cross links, R the gas constant, and T the abso- 
lute temperature. The quantity v 2 ° is the volume fraction of polymer in the state 
when cross links were formed; and v 2 is the volume fraction of polymer in the gel of 
rigidity G. Thus, for gels of class (1), v 2 ° equals unity; for gel of class (2), v 2 ° equals 
v 2 ; for gels of class (3), v 2 ° equals the volume fraction of the polymer in the solution 
when the cross links were formed, and v 2 is the volume fraction of the polymer in the 
gel formed by addition or removal of solvent. 

The ratio p/M c can be calculated from the measured rigidity of the gel in a given 
state using Eq. (2g-l) or from equilibrium swelling measurements. 1 

The rigidities of a variety of gels are listed in Table 2g-l. These rigidities were 
obtained from the original literature and are given here without critical evaluation. 
Whenever Young's modulus E was reported in the literature, it has been converted 
into the shear modulus by using the relation E = 2G(1 + v) with v, Poisson's ratio, 
set equal to 0.5. 

The rigidity of most gels depends on their age, method of preparation, temperature, 
and the concentration of the dispersed component. Hence ranges of rigidity moduli 
are given in Table 2g-l. Because of the time dependence of the rigidity of many gels, 
the moduli listed may not be equilibrium values. Also, some of the gels may show 
appreciable permanent deformation; therefore they may not conform strictly to the 
definition of a gel given previously. 

2g-3. Thixotropic Substances. Numerous colloidal systems are thixotropic. 
Examples are paints, printing inks, iron oxide sols, solutions of sodium carboxymethyl- 
cellulose and agar, suspensions of glass spheres, kaolin, bentonite, carbon black, and 
kieselguhr. In fact, it appears that many gelling systems may become thixotropic 
under certain conditions of concentration, temperature, or ionic strength. 2 

The complete characterization of the mechanical properties of thixotropic sub- 
stances 3 should include the rigidity of the gel at various stages of its formation, and 
the flow curves (shear rate vs. shear stress curve) of the sol for all stages of breakdown. 
The latter is difficult to obtain since the degree of breakdown is changed by shear. 
However, several methods that give considerable information have been used to 
investigate a wide variety of thixotropic gels. 

Pryce-Jones 4 uses a concentric-cylinder apparatus whose inner cylinder is attached 
to a torsion wire. Data are obtained on the rate of change of viscous properties of the 
sol and elastic properties of the gel. Green and Weltman 5 subject thixotropic systems 
to increasing shear rates, followed immediately by decreasing shear rates. A loop is 
obtained in the flow curves, from which a coefficient of thixotropic breakdown is calcu- 
lated! They also calculate a coefficient of thixotropic breakdown with time from the 
decrease in viscosity (measured at a given rate) with time. Goodeve and Whitfield 6 

1 Flory, op. cit. 

2 Hermans, op. cit. 

2 Turner Alfrey, Jr., "Mechanical Behavior of High Polymers," Interscience Publishers, 
Inc., New York, 1948. 

4 Pryce-Jones, Kolloid-Z. (in English) 129, 96 (1952). 

5 H. Green, " Industrial Rheology and Rheological Structures," John Wiley & Sons, Inc., 
New York, 1949. 

6 Goodeve anc} Whitfield, Trans. Faraday Soc. 34, 511 (1938); Goodeve, Trans. Faraday 
Soc. 35, 342 (1939). 
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have introduced a coefficient of thixotropy 0, defined by the equation 

9 
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(2g-2) 



where 77 is an apparent viscosity, 770 the limiting viscosity at high shear rates, and D 
the rate of shear. However, the equation is applicable only to comparatively simple 
systems. 

Table 2g-l. Shear Modulus of Gels 



Gel 



Inorganic gels: 

Agar 

Agar 

Cupric ferrocyanide 

Cadmium sulfide 

Silicic acid 

Silicic acid 

Ferric oxide 

Metal-organic gels: 

Ammonium oleate 

Mercury sulf osalicylate 

Lithium-based grease 

Sodium-based grease 

Organic gels: 

Benzopurpurin 

Cellulose acetate-benzyl alcohol. 

Cotton yellow 

Fibrin. 

Fibrin film 

Collagen 

Qelatin 

Gelatin 



Cone, 

% 



Polyvinyl chloride-organic solvents 
Polyacrylonitrile-dimethylforma- 

mide 

Rubber-organic solvents 

Cornstarch . 

Tapioca 



5 
0.05-0.4 
0.24-0.37 
0.3-0.77 

5 

3.8-6.1 
0.47-0.53 

0.57 
1.5 



Temp., 
°C 



Age of 
gel 



2-24 hr 



0.3, 1.0 
5-25 

0.5,0.75 
0.15-2.4 

30 
1-16 
1-20 
2-5.9 

2.3-100 

20 
33-100 
3-10 
5-10 



5-20 
15 



21-65 

10 

0-25 



Modulus G, 
dynes/cm* 



6.5-133 hr 
28-52 hr 
0-5 hr 

0-20 hr 
0-16 days 



0-23 hr 



0-68 hr 



9 X 105 

4 X 10°-5.2 X 106 
0.86-2.7 
0.9-3.7 

2.2 X 108-8.5 X 10 6 
0.61 X 106-4.8 X 106 

5 X 102-4.5 X 106 

0.43-2.9 

1-19 

0.53 X 10« 

2.3 X 10 6 

0.75, 11.1 

106-10 7 

2.3-23.6 

103-105 

2 X 10« 

1 X 106-4 X 10« 

1 X 103-5 X 10« 

Modulus as function of 

molecular weight 
2.3 X 103-1.2 X 10i° 



Modulus as function of time and temperature 
Modulus of various gels of rubber 

0-400 

0-450 



70-120 
70-90 



Ref. 



7 
7 

6 

8 

6 

9 

9, 10 

11 

12, 

13 



20 
21 
22 
22 



References for Table 2g-l 
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3. McDowell and Usher: Proc. Roy. Soc. (London), ser. A, 131, 409, 564 (1931). 

4. Prasad: Kolloid-Z. 33, 279 (1923). 

5. Amiot: Compt. rend. 224, 388 (1947). 

6. Hatschek and Jane: Kolloid-Z. 39, 300 (1926). 
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2h-l. Anelasticity. 



A perfectly elastic solid is truly an ideal material. Actual 
materials contain structural imperfections which prohibit 
them from behaving in a perfectly elastic manner. Even 
when the stresses are low enough to ensure that no percep- 
tible permanent deformation takes place the total strain is 
made up of a purely elastic part that is directly proportional 
to the load and a time-dependent but fully recoverable part 
that will vary with the rate of loading and the duration of 
the load. The behavior associated with the time-dependent 
part of the strain has been called "anelasticity" by Zener, 1 
who has endeavored to explain this behavior in terms of the 
atomic arrangement and the microstructure of the material. 
Anelastic behavior is observed in many ways, depending 
upon the manner in which the material is loaded. Its effect 
may be referred to as elastic hysteresis, internal friction, 
elastic aftereffect, specific damping capacity, or dynamic and 
static moduli of elasticity. The fact that the term anelas- 
ticity has been limited to the region of no permanent defor- 
mation does not exclude the existence of such behavior at 
higher stresses. When a material deforms permanently, 
however, the anelastic effects are overshadowed by and en- 
gulfed in the plastic behavior. 
In the realm of small deformations a metal or a plastic can be represented qualita- 




Fig. 2h-l. Mechanical 
model for demonstrat- 
ing anelastic and creep 
behavior of solids. 



1 C. Zener, "Elasticity and Anelasticity of Metals, 1 
Chicago, 1948. 



University of Chicago Press, 
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tively by the mechanical model of springs and dashpots shown in Fig. 2h-l. For the 
anelastic behavior at low stresses the viscosity 771 of the upper dashpot can be con- 
sidered as infinite. The spring with the elastic modulus E\ contributes the purely 
elastic strain. The time-dependent part of the strain comes from the parallel arrange- 
ment of spring E 2 and dashpot r] 2 . This model will exhibit, though not in a quantita- 
tive manner, the various anelastic effects of solids. 

If the unit is elongated at a slow rate, dashpot 772 will have little effect in resisting the 
deformation of spring E 2 . The static or isothermal modulus of elasticity will be that 
of springs E\ and E 2 connected in series. If the unit is elongated rapidly dashpot y\ 2 
will tend to act as a rigid mechanism. The dynamic or adiabatic modulus of elasticity 
will be that of spring E\ acting alone. 

If the unit is put through a constant-rate loading and unloading cycle a hysteresis 
loop will be traced out in the stress-strain diagram. The area of the loop will be pro- 
portional to the amount of energy dissipated in dashpot 172. 

If the unit is loaded slowly and then unloaded rapidly the strain will not immediately 
return to zero. What appears to be a permanent strain or elastic aftereffect will be 
observed. The strain will return to zero when the stress trapped in the spring E 2 by 
dashpot 772 has been relaxed. 

If a mass is attached to the lower end of the unit and the entire mechanism is 
allowed to vibrate freely the amplitude of vibration will decrease with each cycle. 
The decrease in amplitude of vibration is due to the dissipation of energy in dashpot 
772. If the springs are linear and elastic and the dashpot behaves in a perfectly viscous 
manner the ratio of the decrease in amplitude for any given cycle to the amplitude at 
the beginning of the cycle will be a constant. This constant is called the logarithmic 
decrement 5, and it is probably the most-used measure of the anelastic behavior of 
materials. 

The logarithmic decrement of actual materials is relatively high for dielectric 
materials and low for metals. Since this quantity depends upon imperfections in the 
atomic structure it will vary with such factors as heat-treatment, grain size, or the 
amount of cold working, and it will be impossible to assign a value to a specific material 
such as steel. The values listed by Kimball 1 and shown in Table 2h-l and those listed 
by Gemant 2 and shown in Table 2h-2 are to be considered as representative values 
which give the order of magnitude of the decrement or internal friction. 

The factors which affect the logarithmic decrement are discussed in detail by Zener 
and by Gemant. The decrement is influenced by such factors as frequency, tempera- 
ture, amplitude, elastic modulus, grain size, annealing temperature, and aging time. 

In general there is not much change in decrement with frequency. Gemant and 
Jackson 3 found slight increases in the decrement of ebonite and glass over rather 
narrow frequency ranges (Fig. 2h-2). Gemant shows a slight increase in the decre- 
ment for paraffin wax and a slight decrease in the decrement for steel (Fig. 2h-3). 
An exception to this rule was found by Rinehart, 4 who reported an appreciable 
increase in the decrement of Lucite at room temperature (Fig. 2h-4). 

Certain materials show steep peaks in the log decrement vs. log frequency curve. 
These peaks are associated with frequencies that correspond to the reciprocal of some 
characteristic time for the material. Such a curve, taken from Gemant and based 
on the work of Zener and Bennewitz and Rotger, 5 is shown in Fig. 2h-5. In this case 
the peak in the internal-friction curve is due to the diffusion of heat from parts heated 
by compression to parts cooled by tensile stresses. 

1 A. L. Kimball, "Vibration Prevention in Engineering," John Wiley & Sons, Inc., New 
York, 1932. 

2 A. Gemant, "Frictional Phenomena," Chemical Publishing Company, Inc., New York, 
1950. 

3 A. Gemant and W. Jackson, Phil. Mag. 23, 960 (1937). 

4 J. S. Rinehart, /. Appl. Phys. 12, 811 (1941). 

5 K. Bennewitz and H. Rotger, Z. tech. Phys. 19, 521 (1938). 
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The logarithmic decrement usually increases with increasing temperature. The 
viscous behavior changes more rapidly than the elastic properties with temperature, 
with the result that at higher temperatures more energy is dissipated in the dashpot. 

The decrement does not vary greatly with amplitude when the amplitudes are small. 
The decrement increases at higher amplitudes. This is evidence that the viscosity of 
materials is not of a pure viscous nature. The rate of strain increases more rapidly 
at the higher stresses than the linear viscous law would predict. 
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Fig. 2h-2. Logarithmic decrement vs. loga- 
rithm of frequency for ebonite and glass. 
(Gemant and Jackson.) 
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Fig. 2h-3. Logarithmic decrement vs. fre- 
quency at room temperature for steel and 
paraffin wax. (Gemant.) 



o 


i 


i 


c-150 

Is 


- xid* 




t£ 






o a> 






o>h 






o£ 






-jgioo 

CO 


l 


l 





i 


1 




1 


c - 

a>6 


- x id" 3 






_ 


F 










a> 




a-. 






o5 


- 






- 


a> 










O 










4 


— 






— 


o 










F, 










.c.^ 




















.k. 










82 


V 






_ 


O 






X 3 




_J 


° / 








^ i 


1 


1 




1 



40 50 60 70 I 10 100 

Frequency, Kc. per Sec. Frequency, CPS 

Fig. 2h-4. Logarithmic decrement vs. fre- Fig. 2h-5. Logarithmic decrement vs. fre- 
quency for Lucite at 26°C. (Rinehart.) quency for German silver. (Measured 

points after Bennemitz and Rotger; theoretical 

curve after Zener.) 

Materials with high elastic moduli have lower decrements than those with low 
moduli. There is some evidence to show that the product of the elastic modulus and 
the decrement is nearly a constant value. 

2h-2. Creep. When a material is subjected to the proper combination of high 
stress and temperature it will deform permanently. A representative behavior will be 
produced by the model shown in Fig. 2h-l if the viscosity of both dashpots tji and 772 
is finite. The continuing deformation of a material under a constant load is called 
"creep." If the model is loaded with a given load at t = there will be an instan- 
taneous elastic deflection e' of spring Ei, dashpot 771 will deform at some constant rate 
u , and dashpot t/ 2 will deform at a decreasing rate. 1 The rate of strain in dashpot 172 

1 A prime (') on a strain or strain rate indicates elastic deformation; a double prime (.") 
indicates plastic or permanent strain. The total strain or strain rate, is the sum of the 
elastic and the plastic parts, i.e., 



€ = €' + 6" 



u = u' + u" 
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Table 2h-l. Logarithmic Decrements for Various Materials* 

Logarithmic 

Material Decrement 5 

Phosphor bronze, cold rolled . 37 X 10~ 3 

Monel, cold rolled 1 . 43 

Nickel steel, Z\% swaged 2.3 

Nickel, cold rolled 3.2 

Phosphor bronze, annealed 3.2 

Aluminum, cold rolled 3.4 

Brass, cold rolled 4.8 

Mild steel, cold rolled 4.9 

Copper, cold rolled 5.0 

Glass 6.4 

Molybdenum, swaged 6.9 

Swedish iron, annealed 7.9 

Tungsten, swaged 16 . 5 

Zinc, swaged 20 

Maple wood 22 

Celluloid 45 

Tin, swaged 129 

Rubber, 90% pure 260 

* A. L. Kimball, "Vibration Prevention in Engineering," John Wiley & Sons, Inc., New York, 1932. 

Table 2h-2. Logarithmic Decrement of Various Materials* 

Logarithmic 
Material Decrement 5 

Steel 0.6 X10" 3 

Quartz 2.6 

Copper 3.2 

Lead glass 4.2 

Wood 27 

Polystyrene 48 

Ebonite 85 

Paraffin wax 150 

* A. Gemant, "Frictional Phenomena," Chemical Publishing Company, Inc., New York, 1950. 

decreases because the load is gradually transferred to spring E 2 as the deformation 

takes place, and this part of the deformation stops at a strain e when the spring E 2 

carries the complete load. The creep 

curve for the model and for materials 

which are not stressed high enough to 

cause fracture will have the form shown 

in Fig. 2h-6 (the elastic strain e' is not 

shown). The plastic strain starts at a 

rapid rate but approaches the asymptotic 

value given by 

e" = e' ' +u"t (2h-l) 




t-Time 
Fig. 2h-6. Typical creep curve. 



The shape of the initial part of the 
creep curve or the manner in which the 
curve approaches the asymptote has been studied by Andrade 1 and by McVetty. 2 



i E. N. da C. Andrade, Proc. Roy. Soc. (London), ser. A, 84, 1 (1911); 90, 329 (1914). 
2 P. G. McVetty, Mech. Eng. 56, 149 (March, 1934). 
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Andrade found that the increase of strain during the first part of the test was propor- 
tional to the cube root of the time. 

e" = fit* (2h-2) 

McVetty used an exponential relationship to describe the initial deformation. 

e" = e \l - e~ at ) + u' 't (2h-3) 

When creep tests are made to obtain design data for equipment having long service 
life, and most of the early creep tests were made under these conditions, the major 
part of the strain is accounted for by the u t term in Eq. (2h-l). The important 
relationship to be established, then, is that between the minimum creep rate u" and 
the stress o-, and this is the only information reported by many investigations. 

If shorter service times are considered the initial part of the creep curve becomes 
more important, and it becomes desirable to know the relationship between the 
plastic intercept ej' and the stress a. McVetty shows a plot of this relationship for 
the lower stress range where a power function or hyperbolic sine relationship would 
be suitable. 

€q = Aa n or e' ' = B sinh — (2h-4) 

Such relationships indicate that, if the model of Fig. 2h-l is to represent actual mate- 
rials, spring E 2 must be nonlinear. At higher stresses these relationships do not hold. 
As the stress is increased a maximum value is reached above which the value of e" 
decreases with increasing stress. 

In the range of strain rates that can be tolerated in reasonable testing times the 
minimum creep rate u vs. stress <r curve can be approximated by a straight line on 
either a double-log or a semilog plot. 

u ' = D<r m or Uq = u" sinh — (2h-5) 

(TO 

The hyperbolic sine relationship has been shown by Kauzmann 1 to have some 
theoretical foundation in terms of the "chemical rate theory." The power-function 
relationship has the advantage of being more workable from a mathematical point of 
view, but it suffers somewhat from the illogical conclusion that the viscosity of dashpot 
771 should approach infinity as the stress approaches zero. Creep properties, like 
anelastic properties, vary with many factors, and compilation of creep data means 
very little unless heat-treatment, grain size, and amount of cold working are also 
specified. A few representative values of the stress required for a creep rate of 10~ 6 
per hour taken from the 1943 compilation of the National Bureau of Standards, 2 are 
given in Table 2h-3. 

Materials held under constant load during long-time creep tests recover part of their 
plastic strain when the load is removed. According to the model of Fig. 2h-l the 
recoverable strain should be equal to e . In actual practice, however, the recovery is 
usually much less than ^ and is generally less than the elastic strain of unloading. 
If after the first unloading and subsequent recovery the specimen is loaded and 
unloaded the new plastic intercept e and the recoverable strain are approximately 
equal. 

Both constants in either of the expressions of Eq. (2h-5) vary with temperature. 
According to the chemical rate theory of Kauzmann and the various theories based on 
diffusion phenomena the constants D or u\ should decrease with increasing tempera- 
ture according to an exponential expression 

u" = de-wV) (2h-6) 

i W. Kauzmann, Trans. AIME 143, 57-83 (1941). 

2 Mechanical Properties of Metals and Alloys, Natl. Bur. Standards (U.S.) Circ. C447, 
1943. 
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Temp 


Stress for 


Material and 








0.001 strain 






composition 


Condition 


°C 


°F 


in 1,000 hr, 
psi 


Aluminum copper alloy, Cu 4.25, 


f diam rod, wrought, 


150 


302 


22,000 


Mn 0.63, Mg 0.44, Fe 0.52, Si 


aged 


250 


482 


5,700 


0.25 




350 


662 


1,500 


Aluminum silicon alloy, Si 13.18, 


Wrought 


205 


400 


8,800 


Ni 3.08, Cu 2.96, Mg 1.04, Fe 




315 


600 


950 


0.53 










Electrocopper 


Fully annealed 


205 


40a 


6,700 


Deoxidized copper 


§ diam rod, cold 
drawn, annealed 


205 


400 


20,500 


Copper nickel alloy, Ni 20.0, Zn 


^ diam rod, cold 


315 


600 


27,800 


5.08, Mn 0.69 


drawn, annealed at 
1200°F 








Copper tin alloy, Sn 5.99, Zn 5.10, 


Cast 


260 


500 


10,000 


Pb 2.33, Ni 0.23, Fe 0.06 




315 


600 


3,000 


Copper zinc alloy, Cu 96.43, Pb 


-$ diam wire, drawn, 


149 


300 


50,000 


0.05, Fe 0.01, Zn remainder 


fine-grained 


205 


400 


3,500 






260 


500 


700 


Carbon steel, C 0.15, Mn 0.46, Si 


1 in. diam bar, 


427 


800 


17,200 


0.28 (basic open hearth) 


wrought, annealed at 


538 


1000 


3,300 




1500°F, grain size 5-6 


648 


1200 


540 




ASTM 








Carbon steel, C 0.15, Mn 0.50, Si 


1 in. diam bar, 


427 


800 


26,800 


0.23 (basic electric furnace) 


wrought, annealed at 


482 


900 


16,900 




1550°F, grain size 4-5 


538 


1000 


5,750 




ASTM 


593 


1100 


1,800 






648 


1200 


620 


Chromium steel, C 0.10, Cr 5.09, 


1 in. diam bar, 


482 


900 


15,200 


Mo 0.55, Mn 0.45, Si 0.18 


wrought, annealed at 


538 


1000 


10,100 




1550°F, grain size 4-5 


593 


1100 


5,850 




ASTM 


648 


1200 


2,800 


Molybdenum steel, C 0.22, Mo 


Bar 1^ sq. cast, 


427 


800 


28,000 


1.06, Mn 0.50, Si 0.13 (induc- 


annealed at 1650°F, 


482 


900 


20,800 


tion furnace) 


grain size 7 


538 


1000 


11,200 


Nickel steel, C 0.36, Ni 1.19, Mn 


1 in. diam bar, hot 


454 


850 


40,000 


0.58, Cr 0.51, Mo 0.51, Si 0.22 


rolled, normalized at 


538 


1000 


12,300 


(induction furnace) 


1600°F, tempered 3 hr 


593 


1100 


3,600 




at 1250°F 


648 


1200 


1,600 


Lead 


Grade 2 


43 


110 


320 


Magnesium alloy, Al 3, Zn 1 


Sand cast, -g- diam rods 


150 


302 


4,900t 


Nickel alloy, Cu 28.46, Fe 1.24, 


Wrought 


427 


800 


30,000 


Mn 0.94, C 0.18, Si 0.10 




482 


900 


23,000 






538 


1000 


3,700 






593 


1100 


1,300 






648 


1200 


450 



* Mechanical Properties of Metals and Alloys, Natl. Bur. Standards (U.S.) Circ. C447, 1943. 
t Stress for 0.005 strain in 1,000 hr. 
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Table 2h-3. Creep Rates for Various Materials (Continued) 







Temp 


Stress for 


Material and 
composition 








0.001 strain 

in 1,000 hr, 

psi 


Condition 


°C 


°F 


Zinc alloy, Cd 0.3, Pb 0.3 


Rolled, soft, tested 


20 


68 


10,100 




parallel to rolling 


40 


104 


8,000 




direction 


60 


140 


6,300 


Zinc alloy, Cd 0.3, Pb 0.3 


Rolled, soft, tested 


20 


68 


15,400 




perpendicular to roll- 


40 


104 


12,100 




ing direction 


60 


140 


8,000 



This has been checked experimentally over reasonably wide temperature ranges. 
The constant o- , in the lower stress range, usually decreases slightly with increasing 
temperature. If the constant m changes with temperature caution must be observed 
in extrapolating toward regions where the curves for two different temperatures would 
cross. 
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Table 2i-l. Planetary Orbits* 



Planet 


Mean distance to 

sun, 

million km 


Sidereal period, 
mean days 


Inclination 
to the 
ecliptic 


Eccentricity 


Mercury 


57.9 

108.1 

149.5 

227.8 

777.8 

1,426.1 

2,867.70 

4,493.63 

5,907.90 


87.97 

224.70 

365.26 

686.98 

4,332.58 

10,759.20 

30,685.16 

60,189.56 

90,737.07 


7°00'14" 
3°23'39" 

rsow 

1°18'20" 
2°29'25" 
0°46'23" 
1°46'27" 
17°08'38" 


2056 


Venus 


0068 


Earth 

Mars 


0.0167 
0934 


Jupiter 


0484 


Saturn. 


0557 


Uranus 

Neptune 

Pluto 


0.0472 
0.0086 
0.2486 



♦Taken from the "American Ephemeris and Nautical Almanac" for the year 1955, Government 
Printing Office, Washington, D.C., 1952. 
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Table 2i-2. Physical Data for the Planets and the Moon* 



Planet 


Mass 
(Earth = 1) 


Mean 

diam 

(Earth = 1) 


Mean 

density, 

g/cm 3 


Surface 

gravity 

(Earth = 1) 


Velocity 

of 
escape, 
km /sec 


Rotation 

period, 

days 


Mercury 

Venus 

Earth 

Mars 

Jupiter 

Saturn... 

Uranus 

Neptune 

Pluto 

Moon 


0.054 
0.814 
1.000 
0.107 
318.35 
95 3 
14.58 
17.26 
<0.1 
0.012 


0.38 
0.97 
1.00 
0.52 
10.97 
9.03 
3.72 
3.38 
0.45 
0.27 


5.46 
4.96 
5.52 
4.12 
1.33 
71 
1.56 
2.47 
<5.5(?) 
3.33 


0.38 
0.87 
1.00 
0.39 
2.65 
1 17 
1.05 
1.23 
<0.5(?) 
0.16 


4.3 
10.4 
11.3 

5.1 
61.0 
36.7 
22.4 
25.6 
<5.3(?) 

2.4 


88.0 
15-30(?) 

1.00 

1.03 

0.41 

0.43 

0.45 

0.66 

(?) 
27.3 



* Taken from "Smithsonian Physical Tables," 9th ed., 1954. 

Table 2i-3. Miscellaneous Astronomical Constants* 

Mean solar day 86,400 sec = 1.0027379 sidereal day 

Sidereal day 86,164.09054 mean solar sec = 23 hr 

56 min 40.09054 sec mean solar time 

Mass of the earth 5.975 X 10 27 g 

Mass of the sun 1.987 X 10 33 g 

Mass of the moon 7.343 X 10 25 g 

Moon's mean distance from the earth .... 384,400 km 

Moon's sidereal period 27.322 days 

Earth's orbital velocity 18.5 miles/sec 

Gravitation constant G (6.670 ± 0.005) X 10~ 8 dyne cm 2 gramr 2 

Acceleration of gravity g 978.0495 cm sec -2 (sea level at equator) 

Precession of the equinoxes 50.2564 + 0.000222(2 - 1900) in seconds 

of arc per year (t = year in question) 

Sun's diameter 864,408 miles 

Solar parallax 8.80 seconds of arc 

Sun's mean density 1.41 g/cm 3 

Sun's radius 6.965 X 10 10 cm 

Obliquity of the ecliptic 23°27'8.26" - 0.46840 - 1900)" 

* Taken from "Smithsonian Physical Tables," 9th ed., 1954. 
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2j-l. List of Symbols 

a equatorial radius of the earth 

b polar radius of the earth 

a flattening of the meridian 

e eccentricity of meridian ellipse 

R earth's radius 

M meridian radius of curvature 

L east-west radius of curvature 

I length of arc along the geoid's surface 

v angle subtended by arc at center of earth 

deflection of the vertical 

£ meridian component of deflection of the vertical 

rj east-west component of deflection of the vertical 

N distance between geoid and ellipsoid or undulation of geoid 

<j>' astronomical latitude 

X' astronomical longitude 

A' astronomical azimuth 

<t> geodetic latitude 

X geodetic longitude 

A geodetic azimuth 

Ag gravity anomaly = g Q — y 

y theoretically computed acceleration of gravity 

g Q observed acceleration of gravity reduced to geoid level 

k gravitational constant 

2j-2. Principal Problems of Geodesy. The principal task of geodesy is to deter- 
mine the size and shape of the earth or, as we often say, the dimensions of the earth, 
and to measure and compute control points for the mapping and charting work. 
When we have only a small area to survey, as, for instance, a city, we can use a plane 
as representative of the earth. When larger areas are concerned, we must consider 
the curvature of the earth, i.e., we have to carry out the computations along the sphere. 
In case a whole country has to be mapped, we must use instead of a sphere an ellipsoid 
of revolution, or reference ellipsoid. Lastly, if we have to connect different countries 
and different continents with one another, we must know how big the differences are 
between the used reference ellipsoid and the equipotential surface of the earth, or 



Much has been written also about the triaxial earth ellipsoid, but this, if in fact it 
exists, has only scientific significance; it has no value for practical purposes. 

Until the last few decades we have used the reference ellipsoid of revolution. It is 
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known, of course, if we can determine two of its parameters, for instance, equator 
radius a, and flattening «, of the meridian. The flattening a is a = (a — b)/a where 
b is the polar radius of the earth. From the two quantities a and a. we can compute the 
eccentricity e of the meridian ellipse as well as the important radii of the curvature at 
different latitudes and in different directions on the ellipsoid. 

In order to be able to determine the dimensions of the earth, we have to solve two 
problems. First is the geodetic problem, i.e., to measure in some direction the length 
of arc I of a great circle along the earth's surface. Earlier these arcs were in general 
measured at or close to the meridian direction. Now it does not make any difference 
in which direction the arcs are measured, because we can determine the geographic 
longitude with nearly as high accuracy as the latitude. The measurement of the 



Geoid 



Ellipsoid 




Fig. 2j-l. Mass surplus of the mountains and the mass deficiencies of the oceans bring 
about the undulations N of the geoid and the deflections of the vertical £. 



Geoid 



aq>o 



AQ<0 



Ellipsoid 




Fig. 2j-2. The mass anomalies Am (surpluses or deficiencies) bring about the gravity 
anomalies Ag, the undulations N, and the deflections of the vertical £. Ag can be observed, 
N and £ computed using Ag. 

central angle v corresponding to the arc is the astronomic problem. By the aid of I 
and v, the earth's radius R will be obtained from the formula 

R = - v (2j-l) 

where v is given in radians. 

If the measured arc is sufficiently long, or if we have different arcs, we can compute 
not only the radius a of the equator, but the flattening a as well. The arcs I have been 
measured by the aid of triangulation since 1615, when the Dutch scientist Willebrord 
Snellius used it for the first time. The corresponding central angle v can be observed 
by different types of astronomical measuring instruments. We can anticipate that, 
by the aid of the arc-measuring method, we shall obtain rather accurate values for the 
constants a and a. The list of the dimensions of the reference ellipsoid computed by 
different authors and by the aid of different material (Table 2j-l) shows that the 
different a. values agree quite well but that the a values may differ as much as some 
hundreds of meters. This discrepancy is brought about by the fact that the geoid, 
to which we refer our geodetic measurements, is not the same as the reference ellipsoid. 
Quite on the contrary, it has "humps" and " hollows" as compared with the reference 
ellipsoid. Figures 2j-l, 2, 3 show why this is so. Figure 2j-l shows that the visible 
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Table 2j-l. Dimensions of the Earth Ellipsoid 
(a = equator radius; a = flattening of the meridian) 
From Arc Measurings 



Author 



Bouguer, Maupertuis 

Delambre. . 

Walbeck 

Everest 

Airy 

Bessel . . .. 

Clarke 

Pratt '. 

Clarke 

Clarke 

Bonsdorff 

Hayf ord 

Helmert 

Hayford 

Heiskanen 

Krassowski 

Jeffreys 

1/a by the Aid of Other Methods 



Year 



1738 
1800 
1819 
1830 
1830 
1841 
1867 
1863 
1866 
1880 
1888 
1906 
1907 
1910 
1926 
1938 
1948 



6,397,300m 

6,375,653 

6,376,896 

6,377,276 

6,376,542 

6,377,397 

6,378,345 

6,378,245 

6,378,206 

6,378,249 

6,378,444 

6,378,283 

6,378,200 

6,378,388 

6,378,397 

6,378,245 

6,378,099 



Author 


Year 


1/a 


Gravimetrically : 

Helmert 


1884 
1889 
1901 
1917 
1916 
1915 
1924 
1928 
1938 
1945 

1948 
1948 
1941 


299.25 


Ivanov 


297.2 


Helmert 


298.2 


Bowie 


297.4 


Berroth 


297.4 


Helmert 


296.7 


Heiskanen 


297.4 


Heiskanen 


297.0 


Heiskanen 


298.2 


Niskanen 


297.8 


Astronomically : 

de Sitter . 


296.96 


de Sitter 


296.75 


Bullard 


297.34 


Jeffreys 


297.10 


Spencer-Jones 


296.78 







l/« 



216.8 
334.0 
302.8 
300.8 
299.3 
299.15 
294.26 
295.3 
295.0 
293.5 
298.6 
297.8 
298.3 
297.0 
(297.0) 
298.3 
297.1 



topography, mountains, and oceans bring about irregularities to the geoid. According 
to Fig. 2j-2, similar irregularities will also be caused by the invisible mass anomalies. 
They (Figs. 2j-l and 2j-2) show also that the normal of the ellipsoid and the normal 
of the geoid or plumb line will in general not have the same direction. The angle 
between these normals is the important deflection of the vertical 0. It cannot be 
observed itself, but only its meridian component £ and east-west component rj. We 
have, of course, the equation 2 = £ 2 + v 2 - \ 
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Figure 2j-3 shows that, if the measured arc is in the area where the geoid is above 
the ellipsoid, we get too small dimensions R2 for the earth's ellipsoid. In case the 
geoid is under the ellipsoid, we generally get too large dimensions R h while the correct 
radius is Ro. 

2j-3. Different Geodetic Systems. The geodesist is, in a way, in an embarrassing 
situation. He has to reduce his triangulation, gravity measurements, and eleva- 
tion determinations to sea level, i.e., to the geoid. But he must make his geodetic 
computations of the coordinates along the regular reference ellipsoid. In order to 
eliminate this "dualism" he ought to know the deviations between these two surfaces, 
i.e., the distance N and the tilting between them. 



Fig. 2j-3. Because of the undulations N of the geoid we get the wrong dimensions for the 
earth's ellipsoid. Arc AB, which is below the ellipsoid, gives too large a reduction Ri; 
arc BC, where the geoid is above the ellipsoid, gives too small a reduction R2; the correct 
value is Ro. Even if we "smooth" the effect of the undulation N by the aid of isostatic 
reductions, we cannot quite eliminate this source of error. Likewise, the arc ED gives too 
small a reduction and the arc FG too large a reduction. 

The general procedure for solving this problem has been the following: We carry 
out the triangulation, and make astronomical observations, i.e., the astronomical 
latitude <f> 0f longitude xj, and azimuth A J, at one triangulation point. Starting from 
this initial point of the geodetic datum we compute along the reference ellipsoid the 
coordinates <f> and X and azimuth A of the successive triangulation points. These 
geodetic coordinates are referred to the used ellipsoid and they will be used as control 
points for practical mapping work. If the astronomical coordinates <t>' and X' and the 
astronomical azimuth A', which refer to the geoid, have been observed, not only at the 
initial point but at other triangulation points as well, we get the deflections of the 
vertical components at all such triangulation points. The following equations give 
the meridian component £ and the east-west component 17 : 

£ - 4>' - <t> 

v - (V - X) cos <t> (2j-2) 

or v = (A' — A) cot <j> 
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As we see, we get rj from the longitude differences (X' — X) as well as from the azimuth 
differences (A' — A). Between them there exists the Laplace equation 

A' - A = (V - X) sin <£ (2j-3) 

These quantities £ and 77 can be computed at all astronomical points of the measured 
arc. Assuming that they can be used as observation errors, we correct the quantities 
a and a, so that the square sums 2£ 2 or Sr/ 2 or the sum 2(£ 2 + rj 2 ) will be minimum. 
We use 2£ 2 = min if the arc is measured mostly on the meridian direction, S^ 2 = min 
if it goes in an east-west direction, and S(| 2 + t) 2 ) = min if the arc is oblique. 

Depending on what reference ellipsoid we use or what point we take as the initial 
point, we obtain different geodetic systems. In order to determine a geodetic system 
we need five quantities: the equator radius a, the flattening a, the latitude <f>o and 
longitude X , as well as azimuth Ao at the initial point. That means we must have an 
initial point from which to compute, a direction in which to compute, and a surface 
along which to compute. If only one of these quantities changes, the entire geodetic 
system will change too. This fact explains why we have so many geodetic systems. 

We have seen that different reference ellipsoids have been computed. We must use 
some of them. In America the ellipsoid of Clarke of the year 1866 has been used; in 
Russia, the ellipsoid of Krassovski of the year 1938; and in most other countries, the 
ellipsoid of the American geodesist John F. Hay ford from the year 1910 has been used. 
The last one was accepted in the International Geodetic Congress at Madrid, 1924, as 
the international ellipsoid. 

The mission of this decade is to standardize the geodetic computations of the world, 
i.e., to determine the reference ellipsoid and the accurate coordinates and azimuth 
0o, X , and A 0) of the initial point, to be used in all countries. Only in this way can we 
rid ourselves of the confusion brought about by the different systems. The conversion 
of the geodetic systems of one continent can possibly be' carried out by classic triangu- 
lation methods. In order to convert the geodetic systems across the oceans to the same 
world geodetic system t we need other methods, because triangulation fails on the oceans. 

2j-4. Different Methods for Determining the Size and Shape of the Earth. These 
methods are partly electronic, partly astronomical, and partly gravimetrical. The 
Shoran measurements can span small seas. They can join to the same system, for 
example, different islands and the coastal areas around the Gulf of Mexico and the 
Caribbean Sea. They can also be used successfully in the Arctic areas. However, 
at least so far, they have failed in measurements across oceans. 

In order to get distances across oceans, we must use either the gravimetrical method 
or celestial triangulation. In all three celestial techniques, the solar-eclipse method, 
the occultation method, and the moon-camera method, i.e., photographing the moon 
with the neighboring stars on the same photographic plate, we use the moon as one 
triangulation point. 

In the solar-eclipse method the total eclipse of the sun brought about by the moon is 
used. We know that the moon's shadow travels along the zone of totality approxi- 
mately from west to east. *When we know the exact distance of the moon (and the 
sun), we can compute the exact speed of this shadow in different parts of the zone of 
totality. If, in addition, we determine by the aid of modern sound-film techniques 
the time points when the totality of the eclipse either begins or ends at one western and 
one eastern station, we can get the exact time which the shadow of the moon requires 
to travel from the western observation point to the eastern one. By the aid of this 
travel time and the speed of the shadow it is possible to compute distances between the 
observation points, quite regardless of whether the points are on the same or different 
continents. 

If the moon's topography were well known, this method would give an accuracy of 
about 30 m for the distances between the continents. 
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The star-occultation method is similar . We have to observe at only two different points 
as accurately as possible the times when a star disappears behind the moon's limb or 
reappears from behind the limb. As the distance to the moon M is not infinite, this 
phenomena will be seen in different parts of the world at different times. When we 
make such observations from two different observation points A and B, we get celestial 
triangle ABM. As the distance of the moon is known, the distance AB along the 
earth's surface can be obtained. The more accurately the time of the occultation can 
be obtained, the more stars that are used, and the better we know the moon's distance 
at the observation moment, the more accurate are the results. 

A technique based on the direct photographing of the moon has been developed at 
the Naval Observatory by Markowitz. In this method the moon and the neigh- 
boring stars are photographed on the same plate. It was not used earlier because the 
stars require time to make images on photographic plates. During the exposure time 
the moon had changed its position so much that its image was hazy. Markowitz 
has developed a device by the aid of which the relative movement of the moon in 
respect to the stars can be stopped for the exposure time. In this way, the pictures 
of the stars are quite clear. We have only to measure the distances of the different 
distinguishing points of the moon's limb from the neighboring stars. Thus we get the 
exact position from the moon as observed from different points of the earth's surface. 
Needless to say, this promising method can be used on any clear moonlight night and 
on any continent. 

Arc measurements give us several arcs on many continents. By the aid of celestial 
methods we can have such geodetic yardsticks also across the oceans. If we still knew 
accurately the central angle v which corresponds to these different measured arcs, we 
would be able to get the dimensions of the earth with high accuracy. 

In order to get the central angle, we must measure astronomically <f>' and X' and cor- 
rect them because of the deflection of vertical components £ and 17, at least at the end 
points of the different arcs. The quantities £ and 77 can now be determined by the aid 
of the gravity anomalies. 

The gravity anomalies Ag, the deflections of the vertical £, 17, and the undulations N 
of the geoid are brought about by the same cause, by the disturbing masses Am of the 
earth's topography and the earth's interior. The gravity anomalies can be measured, 
and the deflections of the vertical as well as the undulations of the geoid can be 
computed. 

Thus, we get at the end points A and B of the arc, the deflections of the vertical £ 
and rj astronomic-geodetically as well as &,, rj g gravimetrically (the index g refers to the 
gravimetric method). The quantities £ and 17 depend on the used dimensions of 
the reference ellipsoid: £<,, t] g are independent from it. If the residuals (£ — £<,) 
at the points A and B and likewise the residuals v — Vg are approximately equal, the 
used reference ellipsoid is good. If systematic differences exist, we have to correct 
the dimensions of the used ellipsoid so that the systematic differences disappear. In 
this way, every measured arc gives a correction to the used a and a. values of the refer- 
ence ellipsoid. By the least-square method, the most probable corrections to the 
earth's ellipsoid can then be computed. 

The flattening value a. itself can be obtained directly from gravity anomalies and 
also by astronomical methods. The precession of the earth is brought about by the 
flattening of the earth, or, more accurately, by the differences between the polar and 
equatorial moments of inertia C and A. When we know the precession constant 
accurately and make logical assumptions about the mass distribution of the earth, we 
obtain accurate values for a. 

Also, the irregularity of the moon's revolution around the earth renders the flatten- 
ing of the meridian. In our list, the a. values obtained by different methods are given. 

2j-5. The Constants of the International Ellipsoid and of the International Gravity 
Formula. If the earth were homogeneous, the equilibrium figure of the rotating earth 
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would be an exact ellipsoid of revolution. Because the mass density of the earth 
increases toward the earth's center, the figure of the earth will not be an ellipsoid, but 
another body, a spheroid, which differs from the ellipsoid very little. Depending on 
what hypothesis concerning the inner constitution of the earth is accepted, we get 
different spheroids. They are closely related to the gravity formula, which gives the 
normal acceleration of gravity y at any part of the earth's surface. 
The gravity formula, if we neglect the longitude term, is of the form 

y = y S (l + sin 2 4> + « sin 2 2<f>) (2j-4) 

where y E is the equator value of gravity, the important coefficient of the sin 2 <f> term, 
and e depends on the internal constitution of the earth. 

Between the quantities and a, we have the following relation: 

a + e = %- a ( a + f)+ 2 4 (2j-5) 

where m is the ratio between the centrifugal force and gravity at the equator. From 
these coefficients, a, 0, and m are small quantities of first order; 5 is of second order. 
Equation (2j-5) gives the famous Clairaut's formula, which often is shown in the 
approximate form 

«=^-/3 (2j-5a) 



The small quantity of second order, 5, determines the type of the spheroid and is 

5 = 



7a 2 __ 4 ^ _ 4e (2j _ 6) 



If we put 5 = 0, we get a spheroid, often called the normal spheroid, which is geo- 
metrically a surface of the fourteenth degree. 

Helmert introduced the terms with 5, which he computed from the hypotheses of 
Wiechert and Darwin concerning the internal structure of the earth. He got the 
values 5 = 0.0000125 and e - -0.000007 and a spheroid which differs from the 
ellipsoid of revolution of the same axis most at latitude 45°, by only 3m. 

Also the ellipsoid is one of the spheroids, i.e., where 

a W_5«m (2j „ 7) 

» 

Then the two coefficients of the gravity formula are 

5m 17«m 

'-T---U- (2j . 8) 

tt(5m — a) 
e = 8 

The coefficient can be either determined by the aid of the gravity anomalies or 
computed from Eq. (2j-8), if the flattening <x has already been accepted. If we use the 
a value of the international ellipsoid a = 1/297.0, we obtain = 0.0052884 and 
e = -0.0000059. In such a way we get the international gravity formula. 

y = 978.0490(1 + 0.0052884 sin 2 4> - 0.0000059 sin 2 2<f>) (2j-9) 

The unit is cm /sec 2 or 1 gal (from Galileo). If we use the unit 1 milligal = 0.001 gal, 
we have to push the decimal sign three figures to the right. 

The equator value y E - 978.0490 gal was computed by Heiskanen in 1928. 
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The parameters a and a of the international earth ellipsoid and the parameters y#, 
/3, and c determine the geometry of the earth ellipsoid and the normal gravity along it. 
These parameters are 

a = 6,378,388.0 m 
« = 1/297.0 
y E = 978.0490 cm /sec 2 (2J-10) 

j8 = 0.0052884 
e = -0.0000059 

The international earth's ellipsoid and the international gravity formula are in 
agreement. If it seems necessary to change, for instance, the coefficient of the 
gravity formula, then we have to change also the flattening value a of the meridian. 
Therefore, it is best to use the international ellipsoid and the international gravity 
formulas until we know exactly how much we have to change p. The change of the 
equator gravity value ys will do no harm for the reference ellipsoid. 

The gravity anomaly is Ag = g — y, where g is the observed gravity value 
reduced to sea level. The "gravity" does not mean the gravity force, but the 
acceleration brought about by it. 

The gravity anomalies are, in large parts of Europe and the eastern Atlantic, 
systematically positive; in America and still more clearly in India and northwest 
of it, they are systematically negative. Gravity formulas are therefore computed also 
with a longitude term, which would correspond to the triaxial ellipsoid. On the 
largest gravity material bases, the gravity formula with longitude term is 

y « 987.0524(1 + 0.0052970 sin 2 <f> - 0.0000059 sin 2 2<f> 

+ 0.0000276 cos 2 <t> cos 2(X + 25°)] (2J-11) 

<f> and X are, of course, the latitude and longitude of the point at which the normal 
gravity is needed. According to this formula, computed by Heiskanen in 1938, the 
longitude of the long equator axis, at which longitude the gravity is largest (at the 
same latitude) is 25° west of Greenwich. 

2j-6. Isostatic Equilibrium. The mountains are, in general, no absolute mass 
surplus and the oceans no absolute mass deficiency in the earth's crust but are com- 
pensated by invisible masses of smaller density under the mountains and by masses of 
higher density under the oceans. Thus at a certain depth the mass unit is subjected 
to the same pressure regardless of whether it is under a mountain, level land, or the 
ocean. This is the meaning of isostatic equilibrium. 

On the assumption that isostatic equilibrium results from the fact that the moun- 
tains rise from the under layer so that the crustal density is smaller the higher the 
mountains (the Pratt-Hayford hypothesis), the hydrostatic equilibrium prevails (i.e., 
the depth of compensation is) according to Helmert, at the depth of 122 km; according 
to Hayford at 113 km, and according to Bowie at 96 km. 

If one assumes that the mountains have sunk deeper in the under layer the higher 
they are, so that they will have "roots" and the oceans corresponding "antiroots" 
(the Airy-Heiskanen hypothesis), the thickness T of the earth's crust is greater under 
the mountains and smaller under the oceans than under level terrain. The "normal ,; 
thickness T corresponding to the zero elevation of the topography, as obtained from 
isostatic analysis of the gravity anomalies, is (Heiskanen, 1952) in Norway 32 km, in 
Fergana basin 38 km, in the Carpathian mountains 30 km, in the central Alps 20 km, 
in north Italy 29 km, in South Africa 30-35 km, and in France 30 km. 

2j-7. Gravimetrical Undulations of the Geoid and Deflections of the Vertical. 
To compute the undulations N of the geoid and the deflection of the vertical com- 
ponents £ and rj, not only along the measured arcs but in any part of the continents 
or the oceans, we must know the gravity field of the earth, i.e., the gravity anomalies 



2-100 MECHANICS 

Ag reduced to sea level, in the vicinity of the computation point well and all over 
the world in broad lines. With this information, the undulations N can be obtained 
with the aid of the famous Stokes formula, derived in 1849, as well as the deflection 
of the vertical components using the Vening Meinesz formulas, derived in 1928. 
The Stokes formula can be written as a finite sum: 

N = i f 2 Aaq L 8< * )dq (2j_l2) 

where R is the mean radius and g the mean gravity of the earth, q a fixed square ele- 
ment on the unit sphere, e.g., 1° X 1°, Ag q the corresponding mean gravity anomaly, 
\p the angular distance of g from the computation point, and S(\p) the Stokes function 

S(f) = esc ($/2) + 1 - 6 sin (#/2) - 5 cos ^ - 3 cos ^ In [sin (#/2) -f sin 2 (*/2)] 

(2J-13) 
The formula (2J-12) can be written 

N = 2c q Ag q (2J-14) 

Ag q can be taken from the gravity-anomaly map; the corresponding coefficient c q can 
be computed. The summation 2c q Ag q all over the globe will give the distance N. 

The formula for computing the deflections of the vertical component £ is as follows 
(Vening Meinesz): 

*" - sinA2 ~ sin ^ I ** // + *> Q<* W 01-15) 

Q(t) = g -cos 2 f [cscf + 1+si 3 n( ^ /2) + 12sin| - 32 sin 2 f 



- 12 sin 2 | In (sin | + sin 2 |) ] (2J-16) 



This formula gives the effect of a compartment between the azimuths A 2 and Ai 
as well as between the circle rings with the angular distances \f/ and ^ + dij/. Ag g is 
the mean gravity anomaly of this compartment. The formula for rj will be similar; 
instead of (sin A 2 — sin Ai) it will be (cos A\ — cos A 2). 

2j-8. Some Quantities Which Concern the International Ellipsoid 

Equator radius a = 6,378,388 m 
Polar radius b = 6,356,911 m 
Polar radius of curvature c = a 2 /b = 6,399,937 m 
Mean radius (2a + 6)/3 = 6,371,229 m 
Radius of sphere of same volume = 6,371,221 m 
Length of meridian quadrant = 10,002,288 m 
Length of equatorial quadrant = 10,019,148 m 

Volume of the ellipsoid - 1,083,319.78 X 10 8 km 3 
Flattening a. = 1/297.0 «= 0.00336700 

Eccentricity e = ^ a * ~" 6 * « <*(2 - a) * 0.08199189; e 2 « 0.00672267 

Second eccentricity e' = \~~ ** * = 0.08226889; e' 2 = 0.00676817 

Function W = Vl — e 2 sin 2 <f> 

Function V = Vl + e' 2 cos 2 <f> 

Meridian radius of curvature M = a(l — e 2 )/TT 3 = c/F 3 

East-west radius of curvature L = a/W = c/V 

Mean radius of curvature r — s/ML = a Vl — e 2 /W 2 — c/V 2 
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General radius of curvature Ra in the aximuth A will be obtained from Euler's 
formula: 

1 _ coa 2 a sin 2 a 
Rl W~ + ~~L~ 

International gravity formula 7 = 978.0490[1 + 0.0052884 sin 2 <l> 

- 0.0000059 sin 2 2<rf 
Normal gravity at equator 70 = 978.0490 cm /sec 2 
Normal gravity at latitude 45° 745 = 980.6294 cm/sec 2 
Normal gravity at pole 790 = 983.2213 cm/sec 2 

(C - A) I A = 0.003273 = ^ 

where C and A are the moments of inertia about the polar and equatorial axes. 

Mean solar day d = 86,400 sec 
Sidereal day S = 86,164.09 sec 

Angular velocity of the earth's rotation w = 2-ir/S = 7.29211585 X 10~ 6 radian /sec. 

Gravitational constant k = 6.673 X 10 -8 cm 2 dynes/g 2 
Mean density of the earth p m — 5.517 g/cm 3 

Mass of the earth M = 5.975 X 10 27 g 



2k. Seismological and Related Data 

B. GUTENBERG 
California Institute of Technology 



2k-l. List of Symbols 



V velocity of longitudinal wave P 

v velocity of transverse wave # 

P symbol denoting longitudinal wave 

S symbol denoting transverse wave 

k bulk modulus or volume elasticity 

M rigidity or shear modulus 

p density 

0- Poisson's ratio 

A ratio V/v 

t temperature in degrees centigrade, time 

p pressure in bars 

h depth in the earth 

T period of seismic disturbance 

G symbol denoting surface shear waves 

R a symbol denoting Rayleigh waves 

A epicentral distance in degrees 
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SH symbol denoting horizontal component of S wave 

SV symbol denoting vertical component of S wave 

i actual angle of incidence at a discontinuity 

5 apparent angle of incidence at a discontinuity 

u ratio of horizontal ground displacement to incident amplitude 

2k-2. Fundamental Equations for Elastic Constants and Wave Velocities. In 

purely elastic, isotropic, homogeneous media the velocity V of longitudinal waves P, 
v of transverse waves S, the bulk modulus k t the rigidity 7*, the density p and Poisson's 
ratio <r are connected by the following equations: 



V* = 



&+w 



|A*-1 
A 2 - 1 



p 

V 



(2k-l) 

(2k-2) 
(2k-3) 



Table 2k-l. Corresponding Values of Poisson's Ratio <t and V/v 



V/v 



0.00 
1.414 



0.10 
1.500 



0.20 
1.633 



0.22 
1.670 



0.24 
1.710 



25 
1.732 



0.26 
1.756 



0.28 
1 .809 



0.30 
1.871 



0.40 
2.449 



0.50 



2k-3. Elastic Constants and Wave Velocities in Rocks (Laboratory Experiments). 

In rocks the elastic constants and the wave velocities usually increase with increasing 
pressure p (Tables 2k-2 and 2k-3) and decrease with increasing temperature t and with 
porosity. Phase changes affect all elastic quantities. At normal pressure, values 
of Young's modulus have been found 1 to be as shown in Table 2k-4. Wavelengths 
are usually great enough in geophysics to permit assumption of isotropy. 

Table 2k-2. Elastic Constants and Wave Velocities in Rocks . 
at Room Temperature* 





10 11 dynes/cm 2 


k, 
10 11 dynes/cm 2 


a 


v, 

km /sec 


■», 




1 atm 


4,000 
atm 


1 atm 


4,000 
atm 


km /sec 


Dunite 


4f-6 
3-4 

2|-3 

1 1 


6J-7 

4-5 

3i-3-gr 

? 

? 


? 
6 + 

2f-3^ 

3^± 

f-1 


12 ± 

8|± 

5i± 

3f-4 

? 


0.25-0.30 

0.2-0.3 

0.20-0.26 

0.1-0.2? 

0.3-0.4 


7-2"% 

5-7 

5-6f 

5± 
3t-31 


4^4| 


Gabbro 


3^-4 


Granite 


2-3^- 


Obsidian glass 

Ice 


3^± 
1^-2 







* F. Birch, ed., Handbook of Physical Constants, Geol. Soc. Amer., Spec. Paper 36 (1942); L. H. 
Adams, Elastic Properties of Materials of the Earth's Crust, in "Internal Constitution of the Earth," 
2d ed., pp. 50-80, 1951. 

2k-4. Periods and Amplitudes of Seismic Waves. Most seismographs have their 
maximum magnification for waves with periods T between 0.1 sec (short-period 
instruments, mainly for nearby shocks) and 15 sec (for teleseisms, especially transverse 
and surface waves); most instruments for recording of artificial explosions in com- 

*F. Birch, ed., Handbook of Physical Constants, Geol. Soc. Amer., Spec. Paper 36, 70 
(1942). 
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Table 2k-3. Longitudinal Velocities, km/sec, at Pressures p and 

Temperatures t Corresponding to the Depth h in the Earth 

after Laboratory Measurement* 



V, 


t, 


K 


Dunite 


Solenhofen 


Barrifield 


Quincy 


Cheshire 


bars 


°C 


km 


limestone 


granite 


granite 


quartzite 


90 


25 


0.33 


8.60 


6.00 


5.85 


5.88 


6.00 


750 


100 


2.8± 


8.77 


5.93 


6.28 


6.17 


6.04 


1,620 


200 


6.1± 


8.78 


. 5.84 


6.35 


6.23 


5.83 


2,540 


300 


9.4 + 


8.70 


5.82 






5.59 



* D. S. Hughes, and J. H. Cross, Elastic Wave Velocities at High Pressures and Temperatures, 
Geophysics 16, 577 (1951). 

Table 2k-4. Young's Modulus for Quartz at Normal Pressure 
(Units 10 u dynes /cm 2 ) 



_L optic axis . 
|| optic axis. . 



a quartz 



0°C 570°C 



10.3 
7.9 



5.9 
3.0 



/3 quartz 



600°C 



9.5 
10,7 



mercial work record mainly waves with 0.001 < T < 0.1 sec. In longitudinal body 
waves of earthquakes, usually T = 0.1 to 0.5 sec near the epicenter, but shorter 
periods exist. With distance increasing beyond 5,000 ± km T increases to several 
seconds. In transverse body waves the prevailing periods T are frequently about 
twice those of the longitudinal; the two waves then have roughly the same length. 
In surface waves of nearby shocks T is usually a fraction of a second, but longer waves 
(T > 10 sec) are recorded. T increases with distance; beyond about 4,000 km, sur- 
face waves usually do not contain well-recorded waves with T < 12 sec. In major 
shocks the fastest surface waves have periods T > 1 min ; after traveling a few times 
around the earth (each time in about 2\ hr) they frequently start with periods of many 
minutes. 

Periods of natural microseisms (continued motion from meteorological sources and 
ocean waves) range from a fraction of a second to a minute or more. The largest 
amplitudes of the most frequent types of microseisms (4 < T < 10 sec) are a few 
microns at inland stations on rock and between 10 and 100 \x at stations near oceans 
during heavy storms (hurricanes). 

In great distant earthquakes, waves through the earth's interior may exhibit ground 
amplitudes of over 10 m with T ~ 5 sec, and surface waves may have ground ampli- 
tudes of 10 mm with T ~ 20 sec. Much greater amplitudes occur near the source. 
In motion from not too close artificial explosions longitudinal waves usually carry the 
largest amplitudes, and even waves through the earth's core have been identified on 
their records. 1 

2k-6. Travel Times of Earthquake Waves. Examples of travel times are given in 
Table 2k-5. Surface waves traveling a few times around the earth have travel times 
of several hours. No dispersion has been established for body waves. However, the 
prevailing increase of their velocity with depth results in an increase in wave velocity 

1 B. Gutenberg, Travel Times of Longitudinal Waves from Surface Foci, Proc. Natl. 
Acad. Set. U.S. 39, 849 (1953). 
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of surface waves as their wavelength (depth of energy penetration) increases. The 
corresponding group velocity has a minimum 1 for periods of several seconds, depending 
on the crustal structure. 

Table 2k-5. Travel Times* (min:sec) of Direct Longitudinal Waves P 

and Transverse Waves S through the Earth Starting at Depth h, 

and of Surface Shear Waves G and Rayleigh Waves R a with 

Periods of About 1 Min (Independent of Focal Depth) 

(A = epicentral distance, deg;P waves arriving at A > 100 deg enter the earth's core.) 





h = 25 km 


G, 

min 


Ra, 

min 


h * 300 km 


h = 700 km 


A 


P 


S 


P 


S 


P 


S 



2 

4 
10 
20 
40 
70 
100 


0:04 
0:32 
0:59 
2:28 
4:34 
7:36 
11:12 
13:46 


0:07 
0:55 
1:56 

8:16 

13:42 

20:20 

25:14 

. 28:00 


4.1 
8.3 
16.5 
28.9 
41.3 
49.5 
61.9 
74.2 


4.5 
9.0 
17.9 
31.4 
44.8 
53.8 
67.2 
80.6 


0:39 
0:46 
1:07 
2:17 
4:15 
7:11 
10:44 
13:15 


1:08 

1:24 

1:51 

4:03 

7:39 

12:52 

19:21 

24:23 

27:09 


1:20 
1:24 
1:32 
2:20 
3:55 
6:44 
10:11 
12:37 


2:24 

2:30 

2:48 

4:12 

7:02 

12:01 

18:20 

23:14 


120 
150 
180 


18:54 
19:46 
20:10 


18:19 
19:11 
19:35 


17:38 
18:31 
18:54 


26:01 



* B. Gutenberg, Travel Times of Longitudinal Waves from Surface Foci, Proc. Natl. Acad. Set. U.S. 
39, 849 (1953); H. Jeffreys and K. E. Bullen, " Seismological Tables," British Association for the 
Advancement of Science, 1940; B. Gutenberg, and C. F. Richter, On Seismic Waves, Gerlands Beitr. 
Geophys. 43, 56-133 (1934); 54, 94-136 (1939). 

2k-6. Reflection and Refraction of Waves. If a body wave P or S arrives at a 
discontinuity, one P and one £ wave are reflected and one of each type is refracted if the 
velocity ratio V r /Vi of the reflected or refracted (r) and incident (i) wave permits. 2 



. . V r . . 
sin % r — yr sin n 



(2k-4) 



where i = angle of incidence. Examples are given in Table 2k-6. Amplitudes of 
transverse waves (vibrations perpendicular to the ray) are frequently resolved into 
two components, SH in the horizontal plane, and SV (with a vertical component) per- 
pendicular to SH. If an SH wave is incident, the reflected wave and the refracted 
wave (if it exists) are always of the SH type. 

If a wave arrives at the earth's surface (actual angle of incidence i) a wave of the 
same type is reflected (angle i), and one of the other type may be reflected [Eq. (2k-4)] 
(see Table 2k-7). As a consequence of these three waves, the apparent angle of 
incidence l calculated from records of horizontal H and vertical V instruments 
(tan l = H/V) differs from i. In case of incident transverse waves the particles move 
in ellipses, 3 if (V sin i)/v > 1. If an SH wave is incident, the reflected wave has the 
same amplitude as the incident wave, the ground displacement is twice the incident 

1 M. Ewing and F. Press, Crustal Structure and Surface-wave Dispersion, Bull. Seis. Soc, 
Amer. 40, 271-280 (1950); 42, 315-325 (1952); 43, 137-144 (1953). 

2 J. B. Macelwane, "Introduction to Theoretical Seismology," pt. 1, pp. 156-178, 1936; 
B. Gutenberg, Energy Ratio of Reflected and Refracted Seismic Waves, Bull. Seis. Soc. 
Amer. 34, 85-102 (1944). 

3 B. Gutenberg, SV and SH, Trans. Am. Geophys. Union 33, 573-584 (1952). 
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Table 2k-6. Square Root of Energy Reflected or Transmitted at a 

Discontinuity with Density Ratio (Upper Layer to Lower) 1.103, 

Corresponding Velocity Ratio 1.286 for P and for S } Poisson's 

Ratio 0.25 in Both Layers 

(Incident energy taken as unity. Based on Slichter-Gabriel.* 1- indicates values 

between 0.95 and 1.0. i = angle of incidence. P = longitudinal, 

SV = component of transverse wave in plane of ray) 





Refracted waves 


Reflected waves 


i° 


P from 


SV from 


P from 


SV from 




Above 


Below 


Above 


Below 


Above 


Below 


Above 


Below 




P 


SV 


p 


SV 


P 


SV 


p 


SV 


P 


SV 


P 


SV 


P 


SV 


P 


SV 





1- 


0.0 


1- 


0.0 


0.0 


0.2 


0.0 


1- 


0.2 


0.0 


0.2 


0.0 


1.0 


0.0 


0.0 


0.2 


15 


1- 


0.1 


1- 


0.1 


0.1 


0.1 


0.1 


1- 


0.2 


0.1 


0.2 


0.1 


1- 


0.1 


0.1 


0.1 


30 


1- 


0.1 


1- 


0.1 




0.2 


0.2 


1- 


0.1 


0.1 


0.1 


0.1 


0.9 


0.2 


0.1 


0.0 


45 


0.5 


0.2 


0.9 


0.1 




0.4 


0.3 


1- 


0.2 


0.0 


0.1 


0.1 


0.9 


0.3 




0.2 


60 




0.3 


0.9 


0.2 








1- 


0.9 


0.1 


0.2 


0.1 








0.3 


75 




0.4 


0.8 


0.3 








0.8 


0.9 


0.1 


0.4 


0.1 








0.5 


90 




0.0 


0.0 


0.0 








0.0 


1.0 


0.0 


1.0 


0.0 








1,0 


*] 


8. Gut 


enberj 


l, Bull 


. Seis. 


Soc. J 


imer. 1 


14,85 


(1944) 



















Table 2k-7. Square Roots of Ratio of Reflected to Incident Energy a 

at Earth's Surface as Function of Angle of Incidence i and Ratio 

of Horizontal u and Vertical w Ground Displacements to 

Incident Amplitude for Continuous Sinusoidal Waves 

If Poisson's Ratio Is 0.25 

(Elliptic motion of ground is indicated by *, and corresponding values for % are 

calculated on the assumption that the vertical and horizontal component 

reach their maximum simultaneously, f SV = Component of transverse 

wave in plane of ray) 





Longitudinal wave P incident 


SV incident 


% 


a of P 


a of SV 


u 


w 


i, deg 


a of P 


a of SV 


u 


w 


I, deg 


0° 


1.0 


0.0 


0.0 


2.0 





0.0 


1.0 


2.0 


0.0 





20 


0.8 


0.6 


0.8 


1.9 


23 


0.9 


0.4 


1.8 


0.8 


23 


30 


0.6 


0.8 


1.2 


1.7 


34 


1.0 


0.0 


1.7 


1.0 


30 


35.3 


0.5 


0.9 


1.3 


1.5 


39 


0.0 


1.0 


4.9 


0.0 


±0 


40 


0.4 


0.9 


1.4 


1.4 


44 




1.0 


0.7* 


1.6* 


-64* 


45 


0.3 


0.9 


1.5 


1.3 


48 




1.0 


0.0 


1.4 


±90 


60 


0.0 


1.0 


1.7 


1.0 


60 




1.0 


0.5* 


1.1* 


66* 


80 


0.1 


1.0 


1.3 


0.5 


69 




1.0 


0.3* 


0.5* 


59* 


90 


1.0 


0.0 


0.0 


0.0 


71 




1.0 


0.0* 


0.0* 


60* 



tJB. Gutenberg, SV and SH, Trans. Am. Geophys. Union 33, 573-584 (1952). 
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amplitude, and I =» i. For energy ratios of waves reflected and refracted at the 
boundary of the earth's core, see Table 2k-8. An SH wave incident upon the core is 
totally reflected. 

Table 2k-8. Square Roots of Energy Ratios for Waves Refracted 

(Refr.) and Reflected (Refl.> at the Boundary of the 

Earth's Core* 

[Assumed at the core boundary: densities 5.4 (mantle), 10.1 (core); longitudinal 

velocities 13.7 and 8.0 km /sec, respectively; transverse velocity in the 

mantle 7.25 km /sec, in core, i = angle of incidence of the 

arriving wave] 



P incident in mantle 


P incident in core 


SV incident in mantle 


i 


Refr. 
P 


Ren. 
P 


Ren. 

S 


i 


Refr. 
P 


Refr. 

8 


Refl. 
P 


i 


Refr. 
P 


Refl. 
P 


Refl. 

8 



20 
40 
60 
80 

83.8 
85 
89 
90 


0.999 

0.96 

0.87 

0.79 

0.84 

0.85 

0.85 

0.60 

0.00 


0.04 
0.12 
0.29 
0.42 
0.20 
0.00 
0.10 
0.71 
1.00 


0.00 
0.24 
0.39 
0.44 
0.51 
0.52 
0.52 
0.36 
0.00 



20 

33i 

35 

35.7 

37 

50 

80 

90 


0.999 

0.90 

0.79 

0.83 

0.00 


0.00 
0.44 
0.62 
0.55 
0.00 
0.85 
0.92 
0.62 
0.00 


0.04 
0.08 
0.00 
0.10 
1.00 
0.53 
0.40 
0.78 
1.00 



20 
30 
31 

32.0 
33 
40 
64 
65.0 


0.00 
0.50 
0.61 
0.58 
0.00 
0.84 
0.92 
0.55 


0.00 
0.39 
0.47 
0.49 
0.00 


1.00 
0.78 
0.64 
0.65 
1.00 
0.54 
0.40 
0.84 
1.00 



* After S. Dana, The Partition of Energy among Seismic Waves Reflected and Refracted at the 
Earth's Core, Bull. Sets. Soc. Amer. 34, 189-197 (1944). 

2k-7. Wave Types and Their Symbols. The main discontinuities of the earth 
(Fig. 2k-l) are its surface, the "Mohorovicic discontinuity" (depth 10+ km in the 
deeper parts of the major oceans, 30 ± km under the lower parts of continents, perhaps 

MOHOROVICIC 
DISCONTINUITY 

MANTLE 



OUTER CORE 



INNER CORE 




Fig. 2k-l. Main discontinuities of the earth. 



up to 60 km under high mountain ranges) and the boundary of the earth's core at a 
depth of 2,900 ± 20 km (radius r = 3,470 km) . There is doubt whether the boundary 
of the " inner core" (r = 1,300+ km) is a discontinuity or whether the transition 
extends over a zone with a depth range of 100 to 200 km. 

By international agreement longitudinal waves in the mantle are indicated by P 
(starting downward at the source) or p (starting upward), transverse waves by 8 or s, 
longitudinal waves through the outer core by K, through the inner core by /, and 
(hypothetical) transverse waves through the inner core by J. P' s PKP, P" = 
PKIKP. For a source below the surface, there is one reflection at the surface near 
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the epicenter, another about halfway between source and station. The symbols for 
these waves are, respectively, pP and PP, sP and SP, pS and PS, sS and SS. Simi- 
larly, for twice-reflected waves pPP, PPP, etc., are used. Time differences pP - P, 
sP - P, sS - S, etc., give a good indication for the focal depth (Table 2k-9). 1 
Among waves through the core reflected at the surface of the earth are pPKP, sPKP, 
P'P' s PKPPKP, P'P'P' (with a travel time of about 1 hr). 

Waves in the mantle with a reflection at the core surface permit accurate determina- 
tion of the radius of the core. They are indicated by c, e.g., PcP, PcS, ScS; pPcP, 
ScSScS, etc., are in addition, reflected at the surface. All these waves have periods of 
1 to 4 sec. Waves reflected inside the core are indicated by PKKP, SKKS, etc. 
Their periods, too, are small (PKKP waves with wavelengths L < 10 km have been 
observed) indicating a sharp boundary of the core. Waves refracted through the core 
(in addition to PKP) are PKS, SKP, SKS, etc. All observed travel times agree 
within a few seconds with those following from the velocities for P, K, and S (see 
Table 2k-ll). 

Table 2k-9. Focal Depth, km, of Earthquakes for Given Time 

Differences pP - P, sP - P, and sS - S for Epicentral 

Distances A of 30, 80, and 145 deg 

(* indicates that pP, sP, or sS, respectively, does not exist under given conditions) 



Time 
diff., 


A = 30 deg 


A = 80 deg 


A = 145 deg 


min :sec 


pP - P 


sP - P 


sS -S 


pP - P 


sP - P 


sS -S 


pP' - P' 


sP f - P' 


0:20 
0:40 
1:00 
1:30 
2:00 
2:30 
3:00 


100 
205 

310 

* 

* 


60 
120 
195 
295 
415 

535 

* 


50 
100 
165 
270 
425 

* 


75 
160 
250 
395 
565 
755 

? 


55 
105 
165 
255 
350 
460 
575 


40 
85 
140 
220 
300 
390 
485 


70 
150 
235 
375 
525 
690 

? 


55 
105 
160 
250 
345 
440 
540 



2k-8. Equations Used in Calculating Travel Times and Velocities. Hi = angle of 
incidence (between ray and vertical), r — radius vector measured from center of 
earth, V = velocity, and if quantities at the surface of the earth are indicated by the 
index o, the ray equation is 



r sin i 



const 



(2k-5) 



The radius R of curvature of the ray is given by 



R = 



(dV/dr) sin i 



(2k-6) 



If dV/dr = V/r, and i = 90 deg, R = r. If V decreases with depth at a greater rate, 
no ray can have its deepest point in the respective layer, and the travel-time curve is 
interrupted. The angle of incidence i Q at the surface at a given epicentral distance 
A is found from 



. . V 

sin 2 = ■=- 
V 



(2k-7) 



where V = dA/dt. 

1 B. Gutenberg and C. F. Richter, Materials for the Study of Deep-focus Earthquakes, 
Bull. Sets. Soc. Amer. 26, 341-390 (1936); see also H. Jeffreys and K. E. Bullen, "Seismo- 
logical Tables," p. 24, British Association for the Advancement of Science, 1940. 
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The angular distance of a ray section (or the whole ray) and the corresponding travel 
time t are given by 

f-tanj [ n * (2k-8) 

Jri r jri FCOS I 

The radius r# to the deepest point of a ray arriving at the distance A in degrees and 
the corresponding velocity Vs are found from 

log r s = log r - 0.0024127 P q dA (2k-9) 

where cosh q — Fa/F(A). 

V s = F ^ (2k-10) 

7*0 

F A = F at the distance A, F(A) is variable as a function of A. Equation (2k-9) can- 
not be used if V decreases suddenly with depth between r and r s or if it decreases 
gradually at a rate in excess of that given by dV/dr = V/r. 1 

2k-9. Wave Velocity, Elastic Constants, and Pressure in the Earth. Equations 
(2k-9) and (2k-10) or other methods are used to calculate V and v as a function of r. 
Poisson's ratio follows from Eq. (2k-2). If the density p is known as a function of 
depth, Eqs. (2k-3) give the bulk modulus k and the rigidity /*• The pressure p and 
gravity g are given by 

g = ^ f r pr > dr = ^4 f pr* dr p = f "° 9 dr (2k-ll) 

y r 2 Jo pmror 2 Jo Jr 

K = gravitational constant (6.673 X 10~ 8 cgs), Pm = mean density of the earth 

(5.517 g/cm 3 ), r = radius of the earth (6,371 km) and g = gravity at the surface 

(981 gal). 

In sediments (thickness usually < 2 km, but up to 20 km in some basins) the longi- 
tudinal velocity V ranges from 1 ± km/sec for sand to 7 ± in well-cemented rocks. 
In the continents frequently "granitic rocks," V = 6± km /sec, are below the sedi- 
ments. At a depth of 15 ± km V and v seem to have minima 2 (compare Table 2k-3). 
In the next deeper layer in the continents V is usually 6| to 7 km/sec which is, e.g., 
characteristic of gabbro and olivine-gabbro (selected data in Table 2k-10; details 
differ appreciably). In some regions indications of velocities of 7 to 7-g- km /sec have 
been found immediately above the Mohorovicic discontinuity. The values found for 
the velocity v of transverse waves corresponding to V = 6+ km /sec scatter between 
about 3.0 and 3.5+ km /sec; a few data corresponding to V « 6^- km /sec are near 
3.7 km /sec; below the Mohorovicic discontinuity, see Table 2k-10. 

Below 60+ km no regional differences in V have been established (Table 2k-ll). 

2k-10. Intensity, Magnitude, and Energy of Earthquakes, and Related Quantities. 
The "intensity" of an earthquake refers to the effects of shaking at a given point. In 
the United States the modified Mercalli scale 3 (I to XII) is used; a few greatly con- 
densed examples follow. 

II. Felt by few persons at rest. 

IV. Felt outdoors by few; some sleepers awakened; dishes, windows disturbed. 

V. Some dishes, windows broken; unstable objects overturned; pendulum clocks 
may stop. 

VI. Felt by all; some fallen plaster or damaged chimneys.* 

i For other limitations, see L. B. Slichter, The Theory of the Interpretation of Seismic 
Travel Time Curves in Horizontal Structures, Physics 3, 273 (1932) ; H. Witte, Beitrage 
zur Berechnung der Geschwindigkeit der Raumwellen im Erdinnern, Nachr. Ges. Wiss. 
Gottingen, Math.-physik Kl., 1932, p. 199. _ 

2 B. Gutenberg, Low Velocity Layers in the Earth's Mantle, Bull. Geol. Soc. Amer. 
65, 337-347 (1954); Channel Waves in the Earth's Crust, Geophysics 20, 283-294 (1955). 

3H. O. Wood and F. Neumann, Modified Mercalli Intensity Scale of 1931,, Bull. Seis. 
Soc. Amer. 21, 277-283 (1931). 

* Continued on p. 2-13 0. 
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Table 2k-10. Velocity V, km/sec, of Longitudinal Waves at Selected 

Depth Intervals h, km, Observed in Various Regions, 1950-1953* 

(SE = source of energy, AE — artificial explosions, EQ = earthquake, RB = rock 

burst. Mo is the depth of the Mohorovicic discontinuity below sea level; 

Vm, vm are reported longitudinal and transverse velocities, respectively, just 

below M . Corresponding values of Poisson's ratio are 0.23 to 0.27) 



Region 



SE 



Mo 



' M 



vm 



N. Germany 

N.W. Germany . . 

Black Forest 

Southern Alps 
Northern Italy . . . 

South Africa 

New York . 

Eastern U.S 

Wisconsin 

So. California 

So. California 

Sierra Nevada 
Canadian Shield . . 

Japan 

W. Atlantic Basic. 
Pacific Basin 



AE 
AE 
AE 
EQ 
EQ 
RB 
AE 
AE 
AE 
AE 
EQ 
EQ 
RB 
AE 
AE 
AE 



2-10 
6-15 + 
1-21 
0-35 
? 

4-36(?) 
0-34 
0-5 
1-3 
1 + 
? 

0-35(?) 
l|-27 
(Water) 
(Water) 



5.9 

5.5 + 

6.0 

5.7 + 

5.2-5. 

6.1 

6.3 

6.0 

5.8 



6.23 
6.1 + 



10-? 
15-28 
21-31 
35-45 + 
? 

? 

5-15 
3-42 + 
4-12 
? 

? 
27-32 
5-10 + 
5-11 + 



.7 

.4 + 
6.55 
6.6 + 
6.4-7. 
6.8? 

6.5 + 
6.0-6. 
6.1-6. 
? 

7.0? 

7.4 
6.7 

6.8 + 



? 

28 + 
31 
45 + 
40 + 
36 
34 
45 + 
42 + 
32 + 
32-40 + 
50 + 
36| 
32 ± 

10 + 

11 + 



? 
18 
2 
1 

8-8.0 
27 
2 
1 

17 
2 
17 
17 
18 
2? 
1 
2 



? 

4.58 
4.82 
? 



.4-4. 

.83 

.68 

? 

? 

? 

4.60 

? 

.85 

? 

? 
? 



* B. Gutenberg, Wave Velocities in the Earth's Crust, Geol. Soc. Amer. Spec. Paper 62, 19-34 (1955). 



Table 2k-ll. Wave Velocities V (Longitudinal) and v 

(Transverse), km /sec 

[Poisson's ratio <r, Eq. (2), density p, g/cm 3 (Bullen*), bulk modulus k and rigidity 

p., both in 10 12 dynes/cm 2 , Eq. (3), gravitational acceleration g, cm/sec 2 , and 

pressure p, million atm (Bullen*) in the earth as function of depth, km] 



Depth 


V 


V 


a 


p 


k 


M 


9 


V 


Mantle: 


















50 


8.2 


4.45 


0.26 


3.3 


1.3 


0.65 


985 


0.014 


100 


8.0 


4.4 


0.27 


3.4 


1.3 


0.65 


987 


0.03 


150 


7.9 


4.35 


0.27 


3.4 


1.3 


0.64 


989 


0.05 


200 


8.0 


4.4 


0.28 


3.5 


1.3 


0.68 


990 


0.06 


250 


8.2 


4.5 


0.28 


3.5 


1.4 


0.71 


991 


0.08 


300 


8.3 


4.6 


0.29 


3.6 


1.6 


0.8 


992 


0.10 


500 


9.6 


5.3 


0.28 


3.9 


2 


1.1 


997 


0.17 


1,000 


11.5 


6.4 


0.28 


4.7 


3^ 


1.9 


991 


0.39 


1,500 


12.2 


6.7 


0.28 


5.1 


4 


2.3 


979 


0.6 


2,000 


12.8 


6.9 


0.29 


■<* 


5 


2.6 


972 


1 


2,900 


13.7 


7:3 


0.30 


5* 


<* 


3.1 


1,000 


1* 


Outer core: 


















2,900 


8.0 


No S waves 


0.5 


9^ + 


6 + 


M =0 


1,000 


1* 


4,000 


9.4 


known 


0.5 


11 + 


10 + 


assumed 


910 + 


2i 


5,000 


10.0 




0.5 


12 + 


12 + 




630 + 


3t± 


Inner core: 


















5,400 


11.1 


? 


? 


15? 


18? 


? 


560 + 


3| + 


6,370 


11.2 


? 


? 


15? 


18? 


? 





3| + 



*K. E. Bullen, "An 
1953. 



Introduction to the Theory of Seismology," 2d ed., pp.! 212-223, Cambridge, 
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Table 2k-12. Values of F(A) and f(A,h) in Eq. (2k-12) for Vertical 

Components Z of P and PP t Horizontal Component SH of <S, 

and Horizontal Component of Maximum (Max) 

(h = focal depth; A = epicentral distance, deg*) 





h = 25 km 


h 


= 300 km 


h 


= 600 km 


A 


PZ 


PPZ 


SH 


Max 


PZ 


PPZ 


SH 


PZ 


PPZ 


SH 


20 


6.3 




5.9 


4.0 


5.0 




6.0 


6.1 




6.0 


30 


6.5 


6.7 


6.1 


4.3 


6.6 


5.9 


6.3 


6.2 


6.0 


6.1 


50 


6.8 


6.7 


6.6 


4.6 


6.5 


6.4 


6.4 


6.4 


6.3 


6.3 


80 


6.8 


7.1 


6.9 


5.0 


6.3 


7.0 


6.6 


6.5 


6.9 


6.7 


100 


7.3 


7.0 


7.2 


5.1 


7.2 


6.7 


6.8 


7.2 


7.0 


6.8 


160 




6.8 




5.4 




6.6 






6.7 





* B. Gutenberg, Amplitudes of Surface Waves and Magnitudes of Shallow Earthquakes, Bull. Sets. 
Soc. Amer. 35, 3-12 (1945); Magnitude Determination for Deep-focus Earthquakes, Bull. Sets. Soc. 
Amer. 35, 117-130 (1945). 

VII. Considerable damage in poorly built structures. 

IX. Buildings shifted off foundations; ground cracked. 

XI. Few structures remain standing; rails bent. 

The observed intensity depends on the depth of focus, the ground, the type of build- 
ing, the density of population, etc. The intensity is useful for engineers but not for 
studies of seismicity, for which the earthquake magnitude M is used. Magnitude M 
originally was defined 1 for Southern California as the common logarithm of the maxi- 
mum trace amplitude expressed in microns with which a seismograph with T = 0.8 
sec, magnification 2,800, damping 65: 1 would record the shock at a distance of 100 km. 
Tables 1 permit the determination of M. In addition, for A > 15°, M is now found (1) 
from ground amplitudes b (in microns) of surface waves with periods of 20 sec in 
shallow earthquakes; (2) from amplitudes a of P, PP, and S waves in shocks (focal 
depth h) recorded at the epicentral distance A°: 

(1) Ms = log b + F(A) (2) Mb - log o - log T + f(A,h) (2k-12) 

For F(A) and f(A,h), see Table 2k-12; small station corrections are to be added. The 
amplitudes b of surface waves of length L decrease with increasing focal depth h corre- 
sponding to a factor e~~* h/L , where q (about 2) depends on crustal structure. 

The energy E corresponding to the amplitude M depends on duration of the shock, 
periods of the motion, depth of focus, etc. To a first approximation, 

log E = m + nM (2k-13) 

m = 12, n = 1.8 have been used, 2 but the resulting E was too great, and m = 5.8, 
n = 2.4 are preferable in connection with Mb. 3 

2k-ll. Seismicity of the Earth. Earthquakes are divided into shallow shocks 
(h < 60 km), intermediate (60 < h < 300), and deep (h > 300, maximum 720 ± km). 
Most shocks occur in narrow belts (Table 2k-14). 2 Deep and intermediate shocks are 
limited to the circumpacific belt and the trans- Asiatic (Alpide) belt.* 

1 C. F. Richter, An Instrumental Earthquake Magnitude Scale, Bull. Seis. Soc. Amer. 
25, 1-32 (1935). 

2 B. Gutenberg and C. F. Richter, "Seismicity of the Earth," 2d ed., Princeton Uni- 
versity Press, Princeton, N.J., 1954. 

3 B. Gutenberg and C. F. Richter, Magnitude and Energy of Earthquakes, Nature 176 f 
795 (1955). 

* Continued after Table 2k-17, p. 2-112. 
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Table 2k-13. Intensity / at the Epicenter, Corresponding Maximum 

Acceleration «, cm/sec 2 , Mean Radius r p of Area of 

Perceptibility, km, log E of Energy, ergs, for a 

Given Magnitude M, in Average Shocks in 

Southern California (h = 16 ± km) 

[Values for J, a, r are based on empirical equations, those for log E on Eq. 

(2k-13) withra = 11, n = 1.6]* 



M 


2.2 


3 


4 


5 


6 


7 


8 


8| 


I 


1.5 


2.8 


4.5 


6.2 


7.8 


9.5 


11.2 


12.0 


a 


1 


3 


10 


36 


130 


460 


1,670 


3,160 


r p 





25 


55 


110 


200 


390 


740 


1,000 


logE 


14.5 


15.8 


17.4 


19.0 


20.6 


22.2 


23.8 


24.6 



* B. Gutenberg and C. F. Richter, Earthquake Magnitude, Intensity, Energy, and Acceleration 
Bull. Sets. Soc. Amer. 32, 163-191 (1942). Recent values (1955) for log E using Mb and w = 5.8,' 
n = 2.4 in Eq. (2k-13) agree within the limits of error with those in Table 2k-13. M, Ms and Mb 
agree with each other only near M = 6 to 7. For details see Nature 176, 795 (1955). 



Table 2k-14. Number of Shallow, Intermediate, and Deep-focus 

Earthquakes, % of All Earthquakes in the Given Depth 

Range, and Corresponding Energy Release (a) in the 

Major Units of the Earth and (6) in 

Selected Areas 





Number, % 


Energy, % 


Region 


Shallow 


In ter- 
med. 


Deep 


Shallow 


Inter- 
med. 


Deep 


(a) Circumpacific belt 


82 

10 

5 

3 


91 
9 




100 





75 
23 

1 

1 


89 

11 






100 

0.3 






Trans- Asiatic belt 


Atlantic and Indian Ocean 

All others 




Total 


100 


100 


100 


100 


100 


100 




(6) Pacific region, Alaska to U.S . . . 

North and Central America, 

West Coast 


2 

12 

10 
3 

12 
2 

15 
5 
8 

2 




10 
19 

3 
20 

6 
16 

3 
11 

5 

2 





6 

41 
4 
6 

35 
4 
4 




2 

12 

15 

4 

7 

1 

19 

6 

6 

^ 

1 




8 
9 
5 

18 
8 

22 
2 

15 
6 
4 






19 

25 

3 

3 

44 

3 

3 






South America, western part . . . 
Kermadec-Tonga Is 


New Hebrides and Solomon Is . 
Marianas Is 


Japan-Kamchatka 


Philippine Is. 


Celebes-Sunda Is ....... . 


Hindu Kush 


Asia Minor to Italy 




Total 


71 


95 


100 


73 


97 


100 
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Table 2k-15. (a) Magnitude M of Greatest Known Shock (1905-1952) in 

Depth Intervals d, Centering at h; (6) Percentage of Shocks for 

the Whole Earth; (c) Corresponding Frequency for Selected 

Parts of the Circumpacific Belt 



d, km 

h, km 

(a) Largest observed M 

(6) Number of shocks, % 

(c) Mexico, Central America, 

% 

Andes, % 

New Zealand-Samoa, % . . 
New Hebrides-New Guinea, 

% 

Japan-Manchuria, % 

Sunda Arc, % 



60 
30 



60 
90 



8.6 
72 

73 
36 
30 

43 
36 
30 



8.1 
12 

20 
30 
10 

30 
16 
26 



100 
175 



100 
275 



8.2 

7 

6 
20 
10 

20 
11 
20 



100 
375 



7.8 
2 

1 
5 
6 

4 
6 
1 



100 
475 



8.0 
2 




7 

3 

15 
4 



100 
575 



7.5 
2 



6 

1 
9 

1 



50 
650 



7.8 
2 



4 

25 



6 

10 



50 
700 



i 

T 



6.9 

i 




i 



5 



Table 2k-16. Average Annual Energy Release in All Earthquakes 

with M < M* 

(Units 10 23 ergs. Ratios of figures are good approximations; absolute values may 

be incorrect by factor 100) 



M* 



Shallow shocks 

Intermediate shocks 
Deep shocks 



6 



0.2 
? 
? 



1 

0.2 

0.05 



8 



5 

0.6 

0.1 



Table 2k-17. Maximum, Minimum, and Average Annual Energy Release 

in Earthquakes 1904-1952* 

(Units 10 23 ergs. Accuracy as in Table 2k-16) 



Shallow shocks 

Intermediate shocks. 

Deep shocks 

All shocks 



Max 


Year 


Min 


Year 


Avg 


340 


1906 


9 


1954 


70 


100 


1911 


1 


1933 


16 


75 


1906 


0.2 


Several 


3 


430 


1906 


12 


1930 


90 



* B. Gutenberg, Energy of Earthquakes, Science 122, 876 (1955). 

For the magnitude of the largest observed shock and the relative frequency of earth- 
quakes in various depth intervals, see Table 2k-15, which also shows examples of 
regional differences. 

2k-12. Energy E of Earthquakes. Most calculations of E depend on Eq. (2k-13). 
Estimated errors in log E are ±1, but relative values of E are fairly accurate. The 
shocks of magnitudes over 7 account for most of the total energy release (Table 
2k-16). For annual extreme and average energy release, 1904 to 1952, see Table 
2k-17. The annual energy release by heat flow from the earth's interior through the 
surface is about 70,000 X 10 23 ergs. 
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2k-13. Aftershocks and Earthquake Sequences. Investigations by Benioff 1 show 
that elastic strain-rebound increments in series of earthquake aftershocks follow two 
types of functions: 

(1) Si - A + B log t (2) S 2 - C - De-^ 1 (2k-14) 

where t is time from a selected zero point and A, B, C, D are constants of the process. 
(1) was given previously by Griggs for compressional recoverable creep strain, (2) by 
Michelson for shearing creep recovery. For series of earthquakes in certain areas and 
for all earthquakes in certain depth ranges Benioff 2 has found strain-rebound character- 
istics of forms similar to Eq. (2k-14). Yearly strain rebound in all deep shocks shows 
a decrease between at least 1905 and 1950 following Eq. (1), whereas most great 
shallow shocks have occurred in five active periods. The units of the Pacific belt have 
different patterns of activity. 3 

2k-14. Nonelastic Properties of the Earth's Interior. The strain produced in the 
earth by a tangential stress S in nonelastic processes is frequently expressed to a first 
(frequently poor) approximation by 

y = i-^ t + U Sdt (2k - 15) 

where rj = /xr, v = /*X r , /i = rigidity, t\ = coefficient of viscosity, r = time of relaxa- 
tion in viscous flow, v = "coefficient of internal friction" or "coefficient of retarded 
elastic motion/' and X r = time of retardation, i.e., the time in which the strain is 
reduced to 1/e in elastic processes, if the stress is removed, y = S/n is Hooke's law; 
the following two terms express, respectively, delaying action (of importance only in 
high-speed processes) and viscous flow (in processes of long duration). 

The distance A* to which seismic body waves (velocity V, period T) have to travel 
before their amplitude a is reduced to 1/e of its value is given approximately by 4 

2V 

where p=2ir/T. Observations give A* = 8,000 ± km. With p about unity, 
Xr ~ 10~ 2 to 10~ 3 sec and v ~ 10 9 to 10 10 poises. If the whole absorption is a conse- 
quence of internal friction, the waves in traveling from the source (period T ) to the 
distance A (period T&) are getting longer and flatter and 5 approximately 

zv-r.. + $jg (2k . 17) 

where p - density. Application of Eq. (2k-17) to observed increase in T indicates 
that Xr and v depend on the wavelength L. v increases from about 10 7 to 10 9 poises 
as L increases from 0.1 to 100 km, and X r decreases from 10" 4 to 5 X 10" 3 sec. 6 The 
order of magnitude is in good agreement with the result from Eq. (2k-16) and with 
laboratory measurements in which a dimensionless quantity Q is used to indicate 
internal friction: 

1 dE 8 

1 H. Benioff, Earthquakes and Rock Creep, Bull. Seis. Soc. Amer. 41, 31-62 (1951). 

2 H. Benioff, Global Strain Accumulation and Release as Revealed by Great Earth- 
quakes, Bull. Geol. Soc. Amer. 62, 331-338 (1951). 

3 H. Benioff, Orogenesis and Deep Crustal Structure — Additional Evidence from Seis- 
mology, Bull. Geol. Soc. Amer. 65, 385-400 (1954). 

4 H. Jeffreys, "The Earth," 3d ed., p. 242, Cambridge Univ. Press, New York, 1952. 

5 B. Gutenberg, "Handbuch der Geophysik," vol. 4, p. 22, Borntraeger, Berlin, 1932. 

6 B. Gutenberg, "Internal Constitution of the Earth," 2d ed., p. 385, Dover Publications, 
New York, 1951. 
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where dE = loss of energy per cycle in a vibrating body, E = total energy, and 
b ~ logarithmic decrement of free vibrations. 1/Q has been found from longitudinal 
and transverse vibrations of bars to be of the order of 10~ 2 to 10" 3 for rock samples. 
For elastic waves of periods T traveling through the earth, the time of retardation is 
approximately given by 

X r -i (2k-19) 

vQ 

where p = 2tt/T. For seismic waves with periods of a few seconds, X r in seconds 
about equals 1/Q. 

The most reliable values for the viscosity t\ in the outer part of the earth's mantle 
(10 22 to 10 23 poises 1 ) result from the observed time of relaxation X (8,000+ years) in 
Fennoscandia which is rising to restore the equilibrium disturbed by the melting of the 
Pleistocene ice masses (maximum thickness about l\ km). y may decrease below 
10 20 poises at a depth of 700 ± km, if the discontinuance of earthquakes below this 
depth is due to decrease in viscosity. Jeffreys 2 estimates that inside the core y is not 
over 10 8 and is probably nearer 10 B poises. For numerical values of v, •*}, r in the earth, 
see Table 2k-18. 

Since 10 km high mountains do not show a noticeable change by flow, it has been 
concluded that their strength (resistance to flow) is 10 9 + dynes/cm 2 . This may hold 3 
to a depth of 25+ km, but it may decrease below 10 7 dynes /cm 2 at 80+ km, since 
gravity observations indicate that, except for recently disturbed narrow crustal belts, 
there is approximately hydrostatic equilibrium at this depth, "isostasy." 

Table 2k-18. Order of Magnitude of Nonelastic Constants (a) in Some 

Materials at the Surface of the Earth, and (b) at Selected 

Depths in the Interior of the Earth 

(Str. = strength resisting viscous flow, in poises; t\ = coefficient of viscosity, in 

poises ; t = corresponding time of relaxation ; v = coefficient of retarded 

elastic response for elastic waves with periods of 0.1 to 20 + sec, in 

poises; X r = corresponding time of retardation, sec) 





Log str. 


log n 


log 


r 


log v 


log X r 




Sec 


Years 


(a) Material: 
Solenhof en limestone . . 
Gabbro 


9^- + 
? 
? 

? 

' ? ' 

9 + 

7? 
<7? 
<7? 
«7? 


22 ± 

? 

13 to 14 

<5± 

<4 + 

22 to 23 
22 + 
20 + ? 

<20? 
5?? 


io£± 

■ " ?■' :: 

3± 

? 

? 

11 
10 

8? 

<7? 
? 


3 + 

■'?■' 

-4 + 

? 

? 

4 + 
2 + 
1? 

<o? 

? 


9 + 
9l + 

? 

? 

? 

9 + 

9 + 

9 to 10? 

10? 

? 


-2\± 
-2\± 


Glacier ice 


? 


Flowing lava 


? 


Flowing mud 


? 


(6) Depth: 

10 km (continent) 

100 


-2 to -3 
-2 to -3? 


700 


-3 + ? 


700-2,900. . 


-3?- 


>2,900 


? 







X B. Gutenberg, 
New York, 1951. 

2 Op. cit., pp.244, 247. 

3 Jeffreys, op. cit., p. 192. 



Internal Constitution of the Earth", 2d ed., p. 385, Dover Publications, 



21. Oceanographic Data 1 
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21-1. Depth, Pressure, Temperature. The surface of the earth's crust occurs at 
two prevailing levels, as shown by Table 21-1. The higher of these levels is the con- 
tinental platform, which, embracing sea level, includes the continental shelf and most 
land. The other, lying about 5 km lower, is the oceanic platform. The three less 
prevalent levels are mountains above the continental platform, continental slopes 

Table 21-1. Areas of Earth's Crust Classed According to Height or 
Depth from Sea Level. After Meinardus* 



Proportion in interval 



[Highest landf 

Land above 5 km 0.1% 

Land 4-5 km 0.4% 

Land 3-4 km 1.1% 

Land 2-3 km 2 . 2% 

Land 1-2 km 4.5% 

Land 0-1 km 20. 8% 

Ocean 0-1 km 8.5% 

Ocean 1-2 km 2.9% 

Ocean 2-3 km 4.7% 

Ocean 3-4 km 14 . 1 % 

Ocean 4-5 km 23 .9% 

Ocean 5-6 km 16 . 0% 

Ocean 6-7 km 0.7% 

Ocean below 7 km 0.1% 

[Greatest depth § 



Proportion above 



8.85 km (314 mb J)] 

5 km (540 mb) 0.1% 

4 km (616 mb) 0.5% 

3 km (701 mb) 1.6% 

2 km (795 mb) 3.8% 

1 km (899 mb) 8.3% 

km (1,013 mb) 29 . 1% 

1 km (1,010 decibars 1[) 37.6% 

2 km (2,024 decibars) 40.5% 

3 km (3,045 decibars) 45.2% 

4 km (4,069 decibars) 59 . 3% 

5 km (5,098 decibars) 83 .2% 

6 km (6,132 decibars) 99.2% 

7 km (7,169 decibars) 99 .9% 

10.86 km (11,216 decibars)] 



♦Wilhelm Meinardus, Die bathygraphische Kurve des Tiefseebodens und die hypsographische 
Kurve der Erdkruste (Tabelle 6), Ann. Hydrogr. mar. Meteor. 70, 225-244 (1942) 
tMt. Everest. 

tIIT^/™*^ -° NACA standard atmosphere. See, e.g., Smithsonian Meteorological 
lables, 6th ed., Smithsonian Misc. Collections 114 (1951) 

Vill^* P J e8 f ure Sawyter at 0°C, salinity 35 per mille, gravity at sea level being 9.8 m/sec*. From 
Vilhelm Bjerknes, Hydrographic Tables, Carnegie Inst. Wash. Publ. 88, 1A-36A (1910) 
qvTJT" ™^ ad i ac ^ n * to Mariana Elands, Pacific Ocean. Soundings from H.M. Survev 
Ship Challengers 1951 T. F. Gaskell, J. C. Swallow, and G. S. Ritchie, Further Notes o* i the Greatest 
Oceanic Sounding and the Topography of the Marianas Trench, Deep-sea Research 1, 60-63 (1953) 

*For a more extensive compilation, see Ozeanographie, Landolt-Bornstein Zahlenwerte 
und Funktionen, 6 Auflage, 3, 426-541 (1952). 
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between the two platforms, and trenches below the oceanic platform. The mean 
level of the crust's surface is 2.43 km below sea level. 

The ocean floor is more rugged than the dry land, at least in large-scale features. 1 
Submarine ridges and numerous seamounts as well as islands rise from the prevailing 
depth, while trenches extend below. The continental slopes are high and steep and 
are cut by deep submarine canyons. 

Pressures in a standard atmosphere and ocean are included in parentheses in Table 
21-1. For the ocean, the quantity tabulated is sea pressure; the total pressure is sea 
pressure plus atmospheric pressure (10 decibars). The units are defined by 

10 6 dyne /cm 2 = bar = 10 decibars = 10 3 millibars 

The upper limit of temperature in the open ocean is rather definite at about 32 °C, 
although more than half the ocean surface is warmer than 20°C. The lower limit for 
liquid sea water is the melting point -2°C. The temperature of sea ice ranges from 
6 C down to something like — 50°C. 

The warm tropical water forms a relatively thin surface layer, which in the open 
ocean is underlain by cold water from high latitudes. Nearly everywhere in the 
open ocean the temperature at depths greater than 1 km is below 10°C and at depths 
greater than 2 km is below 4°C. 

21-2. Properties of Sea Water. Composition. Sea water, not including the 
suspended particles (inorganic matter, living organisms, and organic detritus), is a 
solution of a 'large number of constituents, which may be divided into four groups: 
water, major solids, minor solids (and liquids), and gases. The major solids are those 
which have appreciable influence on density. The minor solids compose only some 
0.025 per cent of the total solids in typical sea water. 

The major solids are composed of salts that are almost completely ionized, the pro- 
portions by mass being as follows: 2 

H 3 B0 3 0.07% 



Na + 


30.61% 


ci- 


55.04% 


Mg ++ 


3.69 


so 4 - 


7.68 


Ca ++ 


1.16 


HC0 3 - 


0.41 


K + 


1.10 


Br- 


0.19 


Sr++ 


0.04 







These proportions have been found to be highly constant throughout the ocean except 
where the water is nearly fresh (the salt in river water is very different from sea salt). 
Hence, the measurement of the concentration of any of the major solids in sea water 
permits the calculation of the concentration of total solids. 

The constituent commonly measured (by chemical titration) is the sum of the 
halide ions (CI", Br", I~). The quantity chlorinity is approximately the ratio, by 
mass, of halides to total sample of sea water, but for the precise technical definition 
the reader is referred elsewhere. 3 Similarly, salinity is approximately the ratio of 
total solids to total sample of sea water, but the definition 4 used in practice is the one 
given by the empirical formula 

Salinity = 0.00003 + 1.805 X chlorinity (21-1) 

1 P. H. Kuenen, "Marine Geology," John Wiley & Sons, Inc., New York, 1950; J. T. 
Wilson, The Development and Structure of the Crust, "The Earth as a Planet," J. P. 
Kuiper, The University of Chicago Press, pp. 138-214, 1954. 

2 H. U. Sverdrup, M. W. Johnson, and R. H. Fleming, "The Oceans, Their Physics, 
Chemistry, and General Biology," Table 33, Prentice-Hall, Inc., New York, 1942. 

3 E.g., Sverdrup et al., op. cit. t p. 52. 

4 Bj0rn Helland-Hansen, J. P. Jacobsen, and T. G. Thompson, Chemical Methods and 
Units, Publ. set. Ass. Oceanogr. phys. 9, 28 (1948). 
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Both chlorinity and salinity are customarily expressed in per mille, meaning 10~ 3 . 

The salinity of most water in the open ocean lies between 33 and 37 per mille, and 
35 per mille is often chosen as standard. 

Because the major solids are uniform in composition, the density and some other 
physical properties of sea water depend on only three variables: temperature, salinity, 
and pressure. Some of these properties at a pressure of 1 atm are shown in Fig. 21-1. 

Density and Melting Point. Density at 1 atm is shown in Fig. 21-la. 1 The effect 
of pressure on the density of sea water of salinity 35 per mille at temperature 0°C is 
as follows : 



Sea pressure, decibars . 
Density, g/ml 




1.02813 



2,000 
1.03748 



4,000 
1.04640 



6,000 
1.05495 



8,000 
1.06315 



10,000 
1.07104 



Water that is more saline or warmer is less compressible. 

The temperature of maximum density, shown for 1 atm on the graph, decreases as 
pressure increases. For pure water at 1 atm the decrease is 2.22°C per thousand 
decibars. 2 

The melting point decreases with increasing salinity or pressure. The melting point 
depression at 1 atm equals 56.90°C times the salinity according to Miyake 3 and is 
shown as the dotted line on the graphs. The decrease with pressure for pure water at 
1 atm is 0.742°C per thousand decibars. 4 

Many tables and other aids have been prepared for the routine calculation of 
density and specific volume of sea water. A selection follows. 



References on Calculation of Density and Specific Volume of Sea Water 

Density at a Pressure of 1 Atm 

Knudsen, Martin: " Hydrographical Tables/' Copenhagen, 63 pp., 1901. (Range -2 
to 33°C, salinity 2 to 41 per mille.) Part of Knudsen's can be replaced with the 
following more detailed tables: Matthews, D. J.: "Tables for the Determination of 
the Density of Seawater under Normal Pressure, <r«," Andr. Fred. H0st & Fils, 
Copenhagen, 56 pp., 1932. 

Kalle, Kurt, und Hermann Thorade: Tabellen und Tafeln fur die Dichte des 
Seewassers (<r t ), Arch. deut. Seewarte Marineobs. 60 (2), 49 pp. (1940). (Range —2 
to 30°C, salinity to 41.5 per mille.) 

Ennis, C. C. : Note on computation of density of sea water and on corrections for deep- 
sea reversing thermometers, Carnegie Inst. Wash. Publ. 546A, 23-45 (1944). (Range 
-2 to 30°C, salinity 34 to 36 per mille.) 

LaFond, E. C: Processing Oceanographic Data (Table X), U.S. Navy Hydrographic 
Office, H. O. Pub. 614, 1951. (Range -2 to 30°C, salinity 30 to 38 per mille.) 

U.S. Navy Hydrographic Office: "Tables for Sea Water Density," H.O. Pub. 615, 
265 pp., 1952 (range -2 to 30°C, salinity to 40 per mille.) Recomputed from 
same empirical formulas as preceding tables but expressed to one more decimal 
place (10~ 6 g/ml) and tabulated for each 0.01 °C of temperature argument. 

Bein, Willy: Physikalische und chemische Konstanten des Meerwassers (pp. 102-103), 
Veroffentl. Inst. Meeresk. Univ. Berlin, neue Folge, A, 28, 36-190 (1935). The 
arguments are temperature (0, 1, ... , 40°C) and the ratio of density at 17.5°C 
to density of pure water at 17.5°C (1.000, 1.002, . . . , 1.032). This table is based 
on Bein's own measurements, the most recent. Argument converted to salinity by 

1 Martin Knudsen, "Hydrographical Tables," Copenhagen, 1901; N. E. Dorsey, "Prop, 
erties of Ordinary Water Substance," Reinhold Publishing Corporation, New York, 1940. 

2 Dorsey, op. tit., p. 275. 

3 Yasuo Miyake, Chemical Studies of the Western Pacific Ocean, III, Freezing Point, 
Osmotic Pressure, Boiling Point and Vapour Pressure of Sea Water, Bull. Chem. Soc. Japan 
14, 58-62 (1939). 

4 Dorsey, op. tit., Table 267. 
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Fig. 21-1. Temperature-salinity diagrams for sea water at 1 atm pressure: (a) density, (5) 
refractive index for sodium light (0.5893 micron) relative to air, (c) sound speed, (d) con- 
ductivity, (e) concentration of nitrogen in equilibrium with 1 atm (1013.25 mb) of air 
saturated with aqueous vapor, (/) concentration of oxygen under same equilibrium con- 
ditions. Freezing point is shown by dotted line; values below it pertain to undercooled 
water. 
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G. Dietrich, Landolt-Bornstein Zahlenwerte und Funktionen, Ozeanographie 6 
Auflage, 3, 428 (1952). (Temperature 0, 1, ... , 32°C, salinity 0, 5, . . . , 40 
per mille.) 

Specific Volume at a Pressure of 1 Atm 

LaFond, above, Table V. (Range -2° to 30°C, salinity 21 to 38 per mille) 

Density at Greater Pressures 

Ekman, V. W. : Tables for Sea Water under Pressure, Publ. Circ. Cons. int. Explor t 
Mer 49, 48 pp., 1910. [The arguments are density at 1 atm and 0°C, pressure (0 to 
10,000 decibars), and temperature.] 

Specific Volume at Greater Pressures 

Bjerknes, Vilhelm: Hydrographic Tables, Carnegie Inst. Wash. Publ. 88, 1A-36A 
(1910). (Range -2 to 30°C, salinity to 40 per mille, to 10,000 decibars.) 

Subow, N. N., S. W. Brujewicz, and W. W. Shoulejkin: " Oceanographical Tables," 
Moscow, 208 pp., 1931. 

Matthews, D. J.: "Tables for Calculating the Specific Volume of Seawater under 
Pressure/' Andr. Fred. H0st & Fils, Copenhagen, 67 pp., 1938. [The arguments are 
density at 1 atm, pressure (0 to 12,000 decibars), and temperature.] 

Sverdrup, H. U., M. W. Johnson, and R. H. Fleming: "The Oceans," Appendix, 
Prentice-Hall, Inc., New York, 1942. [The arguments are density at 1 atm, pres- 
sure (0 to 10,000 decibars), temperature, and salinity.] 

LaFond, above, Tables IV-VII. (Range -2 to 30°C, salinity 21 to 38 per mille, to 
10,000 decibars.) 

Refractive Index. For given wavelength, temperature, and pressure the relation 
between refractive index and salinity is very nearly linear. The graph of refractive 
index for sodium light in Fig. 21-16 is based on the formulas of Utterback et al. 1 The 
formulas have been adjusted slightly to agree at zero chlorinity with the measurements 
of Tilton and Taylor. 2 Measurements by Bein 3 give values higher than those of 
Utterback et al. by as much as 0.00012. The effect of pressure is roughly such that, 
if n is refractive index and p is density, (n — l)/p is constant for given temperature, 
salinity, and wavelength. 4 

Sound Speed. The graph of sound speed in Fig. 21-lc at 1 atm represents Del 
Grosso's 5 formula based on his new laboratory measurements. Since there were no 
measurements at salinities between and 19 per mille, this area on the graph is 
uncertain. Only pure water has been studied at temperatures below 0°C. 6 

For greater pressures, Matthews 7 and Kuwahara 8 have computed the sound speed c 

1 C. L. Utterback, T. G. Thompson, and B. D. Thomas, Refractivity-chlorinity-tem- 
perature Relationships of Ocean Waters, J. Cons. Int. Explor. Mer 9, 35-38 (1934). (Table 
for 0, 5, ... , 25°C, chlorinity 1,2, . . . , 22 per mille.) 

2 L. W. Tilton and J. K. Taylor, Refractive Index and Dispersion of Distilled Water for 
Visible Radiation, at Temperatures to 60°C, J. Research Natl. Bur. Standards 20. 419-477 
(1938). 

3 Willy Bein, Physikalische und chemische Konstanten des Meerwassers, Verdffentl. 
Inst-. Meeresk. Univ. Berlin, neue Folge, A, 28, 162 (1935). 

4 Dorsey, op. cit., Table 144. 

5 V. A. Del Grosso, The Velocity of Sound in Sea Water at Zero Depth. Naval Research 
Lab. Rept. 4002, 39 pp., 1952. (Tables for range to 40°C, salinity and 19 to 41 per mille.) 

6 R. T. Lagemann, L. W. Gilley, and E. G. McLeroy, The Ultrasonic Velocity, Density, 
and Compressibility of Supercooled H 2 and D 2 0, /. Chem. Phys. 21, 819-821 (1953). 

7 D. J. Matthews, "Tables of the Velocity of Sound in Pure Water and Sea Water for 
Use in Echo-sounding and Sound-ranging," 2d ed., H.D. 282, Hydrographic Department, 
Admiralty, London, 52 pp., 1939. (Range -2 to 30°C, salinity to 41 per mille, depth 
to 10,900 m.) 

* Susumu Kuwahara, The Velocity of Sound in Sea Water and Calculation of the Velocity 
for Use in Sonic Sounding, Japan. J. Astron. Geophys. 16, 1-17 (1938). (Tables for range 
-2 to 30°C, salinity 30 to 40 per mille, pressure to 10,000 decibars.) Kuwahara's tables 
are reproduced and extended in salinity down to 21 per mille by E. C. LaFond, " Processing 
Oceanographic Data," Table XIV, U.S. Navy Hydrographic Office, H.O. Pub. 614, 1951. 
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from c 2 = (dp/dp) s , which is the adiabatic change of pressure with density and can be 
expressed in terms of known properties (isothermal compressibility, thermal expan- 
sion, specific heat, temperature, and specific volume). Some values for 0°C and 
salinity 35 per mille are as follows: 1 



Sea pressure, decibars . 
Sound speed, m/sec . . . 




1,448.6 



2,000 
1,484.4 



4,000 
1,519.7 



6,000 
1,554.2 



8,000 
1,587.7 



10,000 
1,620.0 



Electrical Conductivity. The graph shown in Fig. 21-ld is based on measurements 
by Thomas. 2 Somewhat different results were obtained by Bein. 3 Measurements 
have been confined in temperature to the range to 25°C and in pressure to 1 atm. 

Dissolved Nitrogen and Oxygen. The two principal atmospheric gases are differently 
distributed in the ocean. Because nitrogen is highly inert, its concentration is deter- 
mined entirely by contact with the atmosphere. Oxygen is both released and con- 
sumed by biological processes, so that its concentration is much more variable. 
Right at the sea surface, there is equilibrium between the two phases; the nitrogen and 
oxygen in the liquid phase depend on their partial pressures in the gaseous phase, 
while the partial pressure of aqueous vapor depends on the salinity of the liquid phase 
(see below). 

Figures 21- le and / show the concentrations of nitrogen and oxygen in equilibrium 
with saturated air at a pressure of 1 atm. For a given temperature, solubility 
decreases linearly with increasing salinity. The nitrogen graph has been calculated 
from Fox's 4 table for pure water and from Rakestraw and Enamel's 5 data for sea 
water. The oxygen graph is based on Fox's 6 table. For temperatures below 6°C and 
for part of the high-temperature areas, the graphs depend on extrapolation. 

The equilibrium concentration of dissolved nitrogen or oxygen is proportional to its 
partial pressure in the gaseous phase (Henry's law) up to several atmospheres. As the 
partial pressure increases to 1,000 atm, however, the concentration attains only about 
half the value given by simple proportionality. 7 Sea water has not been studied at 
pressures greater than 1 atm. 

Vapor Pressure. The vapor-pressure lowering of an aqueous solution is related to 
the melting-point depression. At the melting point of the solution the vapor pressure 
is the same as the vapor pressure of ice. 

Let e be the vapor pressure of sea water of given salinity and temperature, arid let e 



1 Kuwahara's values increased by 3.1 m/sec to gain agreement with Del Grosso's. 

2 B. D. Thomas with T. G. Thompson and C. L. Utterback, The Electrical Conductivity 
of Sea Water, /. Cons. int. Explor. Mer 9, 28-35 (1934). (Table for 0, 5, ... , 25°C, 
chlorinity 1, 2, . . . ,22 per mille.) 

3 Bein, op. cit., p. 174. 

4 C. J. J. Fox, On the Coefficients of Absorption of Nitrogen and Oxygen in Distilled 
Water and Sea-water, and of Atmospheric Carbonic Acid in Sea-water, Trans. Faraday 
Soc. 5, 68-87 (1909). (Table 1 gives nitrogen dissolved in pure water from 1 atm of pure 
nitrogen for 0, 1, ... , 50°C.) 

5 N. W. Rakestraw and V. M. Emmel, The Solubility of Nitrogen and Argon in Sea 
Water, J. Phys. Chem. 42, 1211-1215 (1938). (Table 2 gives nitrogen dissolved in sea 
water from 1 atm of saturated air for 0, 1, ... , 28°C, chlorinity 15, 16, . . . , 21 per 
mille.) A personal communication from Dr. Rakestraw states that all values pertain to air 
saturated with aqueous vapor. Data in Table 1 used in present work. 

6 C. J. J. Fox, On the Coefficients of Absorption of the Atmospheric Gases in Distilled 
Water and Sea Water, pt. I, Nitrogen and Oxygen, Publ. Circ. Cons. int. Explor. Mer 41, 
23 pp (1907). (Table 11 gives oxygen dissolved in sea water from 1 atm of dry air at —2, 

— 1, . . . , 30°C, chlorinity 0, 1, . . . , 20 per mille.) Table reproduced by K. Kalle, 
Landolt-Bornstein Zahlenwerte und Funktionen, 6 Auflage, 3, 478 (1952). 

7 Dorsey, op. cit., Table 233. 
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be the vapor pressure of pure water at the same temperature. Then 



e 



e 



= 0.537 X salinity 



(21-2) 



so the vapor pressure for salinity 35 per mille is 98.12 per cent of that for pure water. 
This formula by Witting 1 is satisfactory for the range of conditions occurring at the 
natural ocean surface, but for greater salinity or higher temperature the results of 
recent measurements should be consulted. 2 

Latent Heats and Specific Heat. The latent heats of fusion and vaporization are 
practically the same for sea water as for pure water. 

The specific heat at constant pressure depends on salinity as follows at 17.5°C and 
1 atm: 3 



Salinity, per mille . 
c p , calg-^C- 1 ... 




1.000 



5 

0.982 



10 
0.968 



15 
0.958 



20 
0.951 



25 

0.945 



30 
0.939 



35 
0.932 



40 
0.926 



The changes with temperature and pressure have not been measured. The effect of 
pressure can be computed by use of the thermodynamic formula 



fdc p \ _ 

\dp )t ~~ 






\dT 2 ) 



(21-3) 



where v is specific volume and T is absolute temperature. The following values of the 
decrease in specific heat at 0°C and salinity 35 per mille are from Ekman's 4 table: 



Sea pressure, decibars. 

\fip) decibars £p> Cal g 



2,000 
0.0159 



4,000 
0.0291 



6,000 
0.0401 



8,000 
0.0492 



10,000 
0.0566 



Adiabatic Temperature Change. This quantity 
dynamic formula 



(dT\ = T(cfo\ 
\dp J, c P \dTJ v 



computed from the thermo- 
(21-4) 



The following values for 0°C and salinity 35 per mille are converted from Ekman's 
paper: 



Sea pressure, decibars 

(dT/dp)„ °C/1,000 decibars 




0.035 



2,000 
0.072 



4,000 
0.104 



6,000 
0.133 



8,000 
0.159 



10,000 
0.181 



Transport Phenomena. The values for a pressure of 1 atm are assembled in Table 
21-2. Measurements with sea water are restricted to viscosity; the other properties 
tabulated under sea water are from measurements with sodium chloride solutions. 
The diffusivities of nitrogen and oxygen are especially uncertain and may be incorrect 
by as much as 15 per cent. 

1 Rolf Witting, Untersuchungen zur Kenntnis der Wasserbewegungen und der Was- 
serumsetzung in den Finland umgebenden Meeren, I, Finnldndische Hydrographisch- 
biologische Untersuchungen 2, 173 (1908). 

2 A. B. Arons and C. F. Kientzler, Vapor Pressure of Sea-salt Solutions, Trans. Am, 
Geophys. Union 35, 722-728 (1954). 

3 Otto Krummel, "Handbuch der Ozeanographie," vol. 1, p. 279, Stuttgart, 1907. 

4 V. W. Ekman, Der adiabatische Temperaturgradient im Meere, Ann. Hydrogr, mar. 
Meteor. 42, 340-344 (1914). 
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Dynamic and kinematic viscosities and thermal conductivity change linearly with 
salinity. In contrast, both thermal diffusivity (associated with specific heat) and 
diffusivity of sodium chloride go through minima at salinities less than 35 per mille. 

Table 21-2. Transport Phenomena in Water at a Pressure of 1 Atm 



Name, symbol, units 


Pure water 


Sea water, 
salinity 35 per mille 




0°C 


20°C 


0°C 


20°C 


Dynamic viscosity, v, g cm -1 sec -1 = poise. . 
Thermal conductivity, k, watt cm -1 °C _1 . . . 
Kinematic viscosity, v = rj/p, cm 2 sec -1 . 
Thermal diffusivity, d k = k/c p p, cm 2 sec -1 . . . 
Diffusivity, D, cm 2 sec -1 : 

NaCl 


0.01787" 
0.00566" 
0.01787 
0.00134 

0.0000074* 
0.0000106" 


0.01002* 
0.00599 c 
0.01004 
0.00143 

0.0000141/ 
0.00001 69 ° 
0. 00002 1* 
7.0 


0.01877* 
0.00563" 
0.01826 
0.00139 

0.0000068* 
13.1 


0.01075" 
0.00596" 
0.01049 
0.00149 

0000129/ 


N 2 




02 




Prandtl number, Np = v/k 


13.3 


7 







° Yasuo Miyake and Masami Koizumi, The Measurement of the Viscosity Coefficient of Sea Water, 
J. Marine Research 7, 63-66 (1948). Values taken from their Table I and reduced by 0.00007 poise to 
agree with Swindells et al. (Table III presents smoothed values for 0, 1, ... , 30°C, chlorinity 
0, 1, . . . , 20 per mille.) 

6 J. F. Swindells, J. R. Coe, Jr., and T. B. Godfrey, Absolute Viscosity of Water at 20°C, /. Research 
Natl. Bur. Standards 48, 1-31 (1952). 

c L. Riedel, Die Warmeleitfahigkeit von wassrigen Losungen starker Elektrolyte, Chem.-Ing.-Technik 
23, 59-64 (1951). 

<* Thermal diffusivity is also called thermometric conductivity. 

e Values for 0°C calculated from those at 20°C by use of temperature coefficient of L. W. ftholm, 
tlber die Hydrodiffusion der Elektrolyte, Z. physik. Chem. 50, 309-349 (1904). 

/ A. R. Gordon, The Diffusion Constant of an Electrolyte, and Its Relation to Concentration, J. 
Chem. Phys. 5, 522-526 (1937). Gordon used measurements by B. W. Clack, On the Study of Diffusion 
in Liquids by an Optical Method, Proc. Phys. Soc. (London) 36, 313-335 (1924). R. H. Stokes, The 
Diffusion Coefficients of Eight Uni-univalent Electrolytes in Aqueous Solution at 25°, J. Am. Chem. 
Soc. 72, 2243-2247 (1950). 

o Gustav Tammann und Vitus Jessen, tfoer die Diffusionskoeffizienten von Gasen in Wasser und 
ihre Temperaturabhangigkeit, Z. anorg. Chem. 179, 125-144 (1929). 

* Tor Carlson, The Diffusion of Oxygen in Water, J. Am. Chem. Soc. 33, 1027-1032 (1911); I. M. 
Kolthoff and C. S. Miller, The Reduction of Oxygen at the Dropping Mercury Electrode, J. Am. 
Chem. Soc. 63, 1013-1017 (1941); H. A. Laitinen and I. M. Kolthoff, Voltammetry with Stationary 
Microelectrodes of Platinum Wire, J. Phys. Chem. 45, 1061-1079 (1941). 

For pure water, pressure increasing to 10,000 decibars has a nonlinear effect on the 
dynamic viscosity, which decreases at 0°C by 8 per cent and increases at 30°C by 5 per 
cent. 1 The thermal conductivity at 30°C increases linearly with pressure and 
becomes 6 per cent greater at 10,000 decibars. 2 

21-3. Gravity Waves. Wave Speed. Most of the ocean is stabilized by a downward 
increase of density, so that internal waves as well as surface waves are common. Only 
surface waves are discussed here. 

Let L be wavelength, T be period, and c be wave speed. Then L = Tc. Let h be 
the depth of water (undisturbed surface to bottom) and g be gravity. 

For a uniform train of long-crested sinusoidal waves of small amplitude in an ideal 
liquid of uniform depth, in general 3 



41T L 



(21-5) 



For h/L ^> 1, deep-water waves , the general formula reduces to c 2 = gL/2ir f and the 

1 Dorsey, op. cit., Table 86. 

2 Ibid., Table 131. 

8 See, e.g., C. A. Coulson, "Waves," 6th ed., Oliver & Boyd, Ltd., Edinburgh, 1952. 
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group speed equals half the wave speed. For h/L <C 1, shallow-water waves, c 2 = gh, 
and group speed equals wave speed (there is no dispersion, and any wave form of small 
amplitude is propagated unchanged at this speed). Within 5 per cent, sufficient 
accuracy for many problems, the deep-water formula holds if h/L ~ h/Lo > -| and 
the shallow-water formula holds if h/L < T x or h/L Q < ■£$; L Q is defined below. 

Table 21^3. Selected Tidal Constituents 













Rela- 












tive 










Speed, 


co- 


Sym- 
bol 


Name 


Argument 


Period 


degrees 
per 
hour 


efficient 
of 

equilib- 
rium 
tide 


Sa 


Solar annual 


h 


1.0 year 


0.0411 


0.012 


Ssa 


Solar semiannual 


2h 


0.5 year 


0.0821 


0.073 


Mm 


Lunar monthly 


8 — p 


27.55 day 


0.5444 


0.083 


Mf 


Lunar fortnightly 


2s 


13.66 day 


1.0980 


0.156 


Kx 


Lunisolar declinational 
diurnal 


T + h - 90° 


23.93 hr 


15.0411 


0.531 


Oi 


Lunar declinational 
diurnal 


T±h - 2s ±90° 


25.82 hr 


13.9430 


0.377 


Pi 


Solar declinational 
diurnal 


T - h + 90° 


24.07 hr 


14.9589 


0.176 


Qi 


Lunar diurnal 


T -f h - 3s + p + 90° 


26.87 hr 


13.3987 


0.072 


M 2 


Principal lunar semi- 
diurnal 


2T + 2h - 2s 


12.42 hr 


28.9841 


0.908 


S 2 


Principal solar semi- 
diurnal 


2T 


12.00hr 


30.0000 


0.423 


N 2 


Larger lunar elliptic 
semidiurnal 


2T + 2h - Ss -f p 


12.66hr 


28.4397 


0.174 


K 8 


Lunisolar declinational 
semidiurnal 


2T + 2h 


11.97 hr 


30.0821 


0.115 



Change in depth along wave rays changes the speed and length of sufficiently long 
waves. Near shore, therefore, waves often experience refraction and accompanying 
convergence and divergence. Such phenomena are conveniently treated by relating 
the speed and length of waves of any given period to the speed and length for the same 
period in deep water, c and L . As T = L/c « Lo/c and c 2 - §rL /2x, (21-5) may 
be written 



c L . h Lo 

— = — = tanh 2ir Y-~r 

Co Ltd Lq L 



(21-6) 



Functions of h/L Q have been presented in an extensive table, 1 from which the following 
values are extracted: 



h/L:. ...... 

c/co ■■ L/Lo. 



0.001 
0.0792 



0.01 
0.2480 



0.02 
0.3470 



0.05 
0.5310 



0.1 
0.7093 



0.2 

0.8884 



0.3 
0.9611 



0.4 
0.9877 



0.5 
0.9964 



1 
1.0000 



1 U.S. Department of the Army, Corps of Engineers, Bulletin of the Beach Erosion Board, 
Special Issue 2, Appendix D, 1953. 
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These elementary results are not suitable for direct application to the irregular 
aperiodic waves in areas of generation by wind. 

Tidal Constituents. 1 The gravitational fluctuations that produce tides can be 
resolved into harmonic constituents. Some are listed in Table 21-3, their periods 
being determined by the constant rates of change of four angles: 

T = hour angle of mean sun (increasing by 15°/hr) 

h = mean celestial longitude of sun (increasing by 0.041 l°/hr) 

s = mean celestial longitude of moon (increasing by 0.5490° /hr) 

p = mean celestial longitude of lunar perigee (increasing by 0.0046°/hr) 



2m. Meteorological Data 2 

R. J. LIST 

United States Weather Bureau 



2m-l. List of Symbols 

c p specific heat of dry air at constant pressure 

c v specific heat of dry air at constant volume 

d coefficient of molecular diffusion 

D coefficient of eddy diffusion 

/ Coriolis parameter 

g acceleration of gravity 

n distance; spacing 

p pressure 

r radius of curvature 

R gas constant for dry air 

T temperature 

T v virtual temperature 

T mv mean virtual temperature 

v speed 

V g geostrophic wind speed 

V gradient wind speed 

Z, z height 

7 lapse rate of temperature 

f mean molecular speed; mixing velocity 

1 Paul Schureman, Manual of Harmonic Analysis and Prediction of Tides, U.S. Coast 
and Geodetic Survey, Special Publication 98, rev. ed., 1940; A. T. Doodson and H. D. 
Warburg, "Admiralty Manual of Tides," H. M. Stationery Office, London, 1941. 

2 All material not otherwise credited is abstracted from R. J. List, ed., "Smithsonian 
Meteorological Tables," 6th ed., Smithsonian Institution, Washington, D.C., 1951. This 
publication should be consulted for more complete explanations and additional references. 
For an encyclopedic summary of the current status of knowledge in the principal fields of 
meteorology and atmospheric physics, including extensive references, see T. F. Malone, 
ed., "Compendium of Meteorology," American Meteorological Society, Boston, 1951. 
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A free path ; mixing length 

p density of air 

<f> latitude 

«i> geopotential 

co angular velocity of the earth 

2m-2. Physical Constants 

Pressure at mean sea level, 1 atmosphere 

= 1,013.250 millibars (mb) = 1.013250 X 10 6 dynes cm" 2 

= 760 cm Hg (at standard gravity of 980.665 cm 2 sec -2 and temperature of 0°C) 

Mass of the atmosphere = 5.14 X 10 21 g 

Apparent molecular weight of dry air M = 28.966 

Gas constant for 1 g of dry air, R = 2.8704 X 10 6 erg gm" 1 °K~ 1 

= 6.8557 X 10~ 2 ITcal 1 gm" 1 °K- 1 

77? 
Specific heat of dry air at constant pressure c p = -~- = 0.240 ITcal gm -1 °K -1 

5R 

Specific heat of dry air at constant volume c v = -5- = 0.171 ITcal g -1 °K~" 1 

2m-3. Composition of the Atmosphere 

Table 2m-l. Composition of Dry Air up to About 25 Km Altitude* 



Constituent gas 



Nitrogen 

Oxygen 

Argon 

Carbon dioxide f. 

Neon 

Helium 

Krypton 

Hydrogen ....... 

Xenon 

Ozone % 

Radon 1f 



Formula 



N 2 

2 

Ar 

C0 2 

Ne 

He 

Kr 

H 2 

Xe 

3 

Rn 



Mole fraction, 

% 



io- 



78.09 

20.95 
0.93 
0.03 
1.8 X 
5.24 X 10~ 4 
1.0 X 10~ 4 
5.0 X 10~ 5 
8.0 X 10~ 6 
1.0 X 10~ 6 
6.0 X 10~ 18 



Molecular 
wt. 



28.016 
32.000 
39.944 
44.010 
20.183 
4.003 
83.7 
2.0160 

131.3 
48.000 

222 



* See E. Glueckauf, "Compendium of Meteorology," T. F. Malone, ed., pp. 3-10, American Meteoro- 
logical Society, Boston, 1951. 

t Variable; see T. M. Carpenter, J. Am. Chem. Soc. 59, 358 (1937); J. B. S. Haldane, Nature 1037, 
575 (1936); G. S. Callendar, Quart. J. Roy. Meteorol. Soc. 66, 395 (1947). 

% Variable, increasing with height. 

If Variable, decreasing with height. 

2m-4. Geopotential. The geopotential $ of a point at a height z above mean sea 
level is the work which must be done against gravity in raising a unit mass from sea 
level to height z. 



" lo gdz 



(2m-l) 



where g is the local acceleration of gravity at height z. For most meteorological work 
geopotential is measured in terms of the geopotential meter (gpm). By definition, 
1 gpm = 9.8 X 10 4 cm 2 sec -2 . For almost all practical purposes, 1 gpm = 1 geometric 

1 ITcal refers to the "International Steam Tables" calorie, which is equivalent to 
sitf X 10 -3 mean international kilowatthours. 
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meter. Table 2m-2 shows the relationship between geopotential and geometric height 
as a function of latitude. 



Table 2m-2. Relation of 


Geopotential to 


Geometric Height 




Latitude 


Geopotential meters (gpm) 


10,000 


20,000 


30,000 


40,000 


50,000 


100,000 


200,000 


300,000 


400,000 


500,000 


600,000 




m 


m 


m 


m 


m 


m 


m 


m 


m 


m 


m 


0° 


10,036 


20,104 


30,204 


40,336 


50,500 


101,811 


206,948 


315,577 


427,874 


544,029 


664,243 


30° 


10,023 


20,077 


30,163 


40,282 


50,432 


101,672 


206,656 


315,115 


427,225 


543 , 174 


663,161 


45° 


10,009 


20,050 


30,123 


40,228 


50,365 


101,534 


206,363 


314,653 


426,576 


542,318 


662,080 


60° 


9,996 


20,024 


30,083 


40,174 


50,297 


101,395 


206,071 


314,191 


425,927 


541,465 


661,000 


90° 


9,983 


19,997 


30,043 


40,120 


50,229 


101,256 


205,779 


313,730 


425,280 


540,613 


659,923 



2m-5, Hypsometry. The differential form of the hydrostatic equation, the equa- 
tion expressing the relationship of pressure p, density p, and height z, in the atmos- 
phere, is 

dp = —pgdz (2m-2) 

Introducing the definition of geopotential, the hydrostatic equation becomes 

dp » -p d$> (2m-3) 

Substituting the equation of state for dry air, introducing the concept of virtual 
temperature (see below), and integrating, Eq. (2m-3) becomes 



A* = RTmv log e ^ 

7>2 



(2m-4) 



where A* is the geopotential difference between levels having pressures pi and p 2 , 
T mv is the mean 1 virtual temperature of the layer of air between pi and p 2 , and R is 
the gas constant for dry air. For temperatures in °K and geopotential in gpm (i.e., 
geometric meters for most practical purposes) Eq. (2m-4) becomes 



AS = 67.442T™ logio ^ 



(2m-5) 



2m-6. Virtual Temperature. The concept of virtual temperature is introduced to 
take into account the decreased density of moist air when compared with dry air of the 
same temperature. By definition, T v is the temperature which dry air must have at a 
given barometric pressure in order to have the same density as the moist air at the 
same pressure but at temperature T and with a specified moisture content, provided 
the dry and moist air behave in accordance with the perfect-gas equation of state. 
(The deviation of moist air from perfect-gas behavior can be neglected in most prac- 
tical problems. 2 ) Table 2m-3 gives the virtual-temperature increment for saturated 
air AT V , where T v — T + AT V . For unsaturated moist air with relative humidity 
[/(per cent), T v = T + (C//100) AT V , to a close approximation. 

2m-7. Lapse Rates. The lapse rate y in the atmosphere is defined as the rate of 
decrease of temperature with increasing height (or geopotential), y = -dT/dz. y is 
ordinarily expressed in °C per 100 m (or 100 gpm). 



1 The logarithmic mean virtual temperature is required, 
mated graphically on most standard aerological diagrams. 

2 See List, op. cit., p. 295. 



This quantity can be approxi- 
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Dry-adiabatic Lapse Rate. Dry air, or moist air in which the water vapor enters 
into no change of state, which ascends (or descends) adiabatically in the atmosphere 
will decrease (or increase) in temperature at the rate of 0.98°C per 100 m. The dry- 
adiabatic lapse rate is therefore 0.98°C/100 m. 



Table 2m-2 


>. Virtual-temperature 


Increment of 


Saturated Air, 


°C 


Temp., 


Pressure, mb 


°C 


1000 


900 


800 


700 


600 


500 


400 


300 


200 


-40 


0.02 


0.02 


0.02 


0.02 


0.03 


0.03 


0.04 


0.06 


0.08 


-20 


0.12 


0.13 


0.15 


0.17 


0.20 


0.24 


0.30 


0.40 


0.60 





0.64 


0.70 


0.79 


0.91 


1.06 


1.27 


1.59 


2.12 


3.19 


10 


1.32 


1.47 


1.66 


1.90 


2.21 


2.66 


3.33 


4.46 


6.73 


20 


2.62 


2.92 


3.29 


3.76 


4.40 


5.29 


6.64 


8.92 


13.57 


30 


4.97 


5.53 


6.23 


7.14 


8.36 


10.08 


12.70 






40 


9.03 


10.06 


11.36 


13.05 


15.33 


18.57 








50 


15.90 


17.76 


20.11 


23.18 












60 


27.32 


30.62 

















Table 2m-4. Pseudoadiabatic 


Lapse 


Rate 


for the Water Stage, °C/100 M 


Temp., 


Pressure, mb 


°C 


1000 


900 


800 


700 


600 


500 


400 


300 


200 


100 


-50 


0.966 


0.965 


0.963 


0.961 


0.959 


0.955 


0.951 


0.943 


0.928 


0.886 


-40 


0.950 


0.947 


0.944 


0.939 


0.934 


0.925 


0.913 


0.896 


0.863 


0.775 


-30 


0.917 


0.910 


0.903 


0.893 


0.882 


0.866 


0.842 


0.807 


0.746 


0.615 


-20 


0.855 


0.844 


0.830 


0.814 


0.794 


0.767 


0.730 


0.677 


0.596 


0.454 


-10 


0.763 


0.745 


0.725 


0.701 


0.672 


0.637 


0.592 


0.532 


0.452 


0.335 





0.645 


0.624 


0.601 


0.573 


0.542 


0.505 


0.462 


0.409 


0.345 


0.262 


10 


0.527 


0.506 


0.483 


0.457 


0.429 


0.398 


0.362 


0.323 


0.276 




20 


0.426 


0.408 


0.389 


0.368 


0.346 


0.322 


0.296 








30 


0.352 


0.338 


0.323 


0.307 


0.291 


0.273 










40 


0.301 


0.290 


0.279 


0.267 














50 


0.267 


0.259 



















Pseudoadiabatic Lapse Rate. Saturated air ascending adiabatically in the atmos- 
phere, so that all condensation of water vapor is into liquid water which falls out 
immediately and all latent heat of condensation is realized in warming the air, decreases 
in temperature at the pseudoadiabatic (or moist-adiabatic) lapse rate for the water 
stage. Table 2m-4 gives the pseudoadiabatic lapse rate for the water stage as a func- 
tion of temperature and pressure. 

2m-8. Standard Atmosphere, Lower Atmosphere. A revised standard atmosphere 
for levels up to 20 km was approved by the Council of the International Civil Aviation 
Organization (ICAO) in November, 1952, and has been adopted by the National 
Advisory Committee on Aeronautics (NACA) to supersede the earlier NACA standard 
atmosphere. The values of pressure, temperature, and density are in fairly good 
agreement with the average annual values observed at 40°N in North America. 
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Basic Assumptions. The temperature at altitude 1 (mean sea level) is 288.16°K 
(15°C). The lapse rate of temperature in the troposphere is 0.65°C per 100 m. The 
temperature at the tropopause is 216.66°K, which makes the altitude of the tropopause 
11 km. The temperature above 11 km is constant, 216.66°K. It is assumed that the 

Table 2m-5. Standard Atmosphere, Lower Atmosphere* 



Altitude, 
m 


Temp., 
°K 


Pressure, 
mb 


Density, 
kg m -3 


Viscosity, poises 


Speed of 
sound, 
m sec -1 


-5,000 


320.660 


1776.88 


1.9305 


1.9497 X 10- 4 


359.114 


-4,000 


314.160 


1595.55 


1.7694 


1.9191 


355.455 


-3,000 


307.660 


1429.51 


1.6187 


1.8881 


351.759 


-2,000 


301 . 160 


1277.74 


1.4781 


1.8568 


348.023 


-1,000 


294.660 


1139.29 


1.3470 


1.8252 


344.247 





288.160 


1013.25 


1.2250 


1.7932 


340.429 


1,000 


281.660 


898.74 


1.1117 


1 . 7609 


336.567 


2,000 


275.160 


794.95 


1.0065 


1.7283 


332.661 


3,000 


268.660 


701.08 


0.90913 


1.6953 


328.709 


4,000 


262.160 


616.40 


0.81914 


1.6620 


324.708 


5,000 


255.660 


540.20 


0.73612 


1.6282 


320.657 


6,000 


249.160 


471.81 


0.65970 


1.5941 


316.555 


7,000 


242 . 660 


410.61 


0.58950 


1.5596 


312.398 


8,000 


236.160 


356.00 


0.52517 


1.5247 


308.186 


9,000 


229.660 


307.42 


0.46635 


1.4893 


303.915 


10,000 


223 . 160 


264.36 


0.41271 


1.4536 


299.583 


11,000 


216.660 


226.32 


0.36392 


1.4174 


295.188 


12,000 


216.660 


193.30 


0.31083 


1.4174 


295.188 


13,000 


216.660 


165.10 


0.26548 


1.4174 


295.188 


14,000 


216.660 


141.02 


0.22675 


1.4174 


295.188 


15,000 


216.660 


120.45 


0.19367 


1.4174 


295.188 


16,000 


216.660 


102.87 


0.16542 


1.4174 


295.188 


17,000 


216.660 


87.867 


0.14129 


1.4174 


295.188 


18,000 


216.660 


75.048 


0.12068 


1.4174 


295.188 


19,000 


216.660 


64.100 


0.10307 


1.4174 


295.188 


20,000 


216.660 


54.749 


0.088035 


1.4174 


295.188 



* Manual of the ICAO Standard Atmosphere, NACA Tech. Note, Washington, D.C., May, 1954. 

air is dry, obeys the perfect gas law, and is in hydrostatic equilibrium. (The other 
necessary physical constants used are given in Sec. 2m-2.) 

2m-9. Properties of the Upper Atmosphere. The average temperature in January 
and July in the Northern Hemisphere in the lowest 20 km of the atmosphere as a func- 
tion of latitude and height is given by the thin lines in Fig. 2m-l. 2 The heavy lines 

1 The unit of altitude used in the standard atmosphere is actually a unit of geopotential, 
the standard geopotential meter = 0.980665 X 10 B cm 2 sec -2 (see Sec. 2m-4). For engineer- 
ing purposes these may be taken as meters. 

2 H. Wexler, Tellus 2 (4), 262-273 (November, 1950). 
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show the mean height of the tropopause. These lines do not imply that the tropopause 
is a continuous surface from tropical to polar regions. There may be more than one 
tropopause over a given point during certain meteorological conditions; during others 
it may be indistinct or missing altogether. 

Schematic representations of the structure of the upper atmosphere, indicating the 
typical heights at which various phenomena have been observed, are shown in Figs. 
2m-2 and 2m-3. 
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Fig. 2m-2. Structure of the upper atmosphere. 
Kellogg.) 




(Prepared in collaboration with W. W. 



2m-10. Dynamical Relationships. Coriolis Parameter. The apparent force per 
unit mass acting upon a particle whose motion is described in a coordinate system 
fixed to the surface of the earth, due to the rotation of the earth in space, is propor- 
tional to the Goriolis parameter / = 2« sin <f>, where o> is the angular velocity of the 
earth (w = 7.292 X 10 5 radians sec"' 1 ) and <f> is latitude. If v is the speed of a particle 
of unit mass, the apparent force is equal to fv. This force is directed to the right of the 
direction of motion in the Northern Hemisphere and to the left in the Southern 
Hemisphere. 

Geostropic Wind. Steady, straight, frictionless air motion in an unchanging pressure 
field, with gravity as the only external force acting, such that the horizontal pressure- 
gradient force is balanced by the apparent force due to the earth's rotation (the Coriolis 
force), is called the geostrophic wind. The geostrophic wind blows perpendicular to 
the direction of the pressure gradient with low pressure to the left in the Northern 
Hemisphere, to the right in the Southern Hemisphere. 

On a surface of constant pressure, the equation for the speed of the geostropic wind 
V g is given by 

F„=iff (2m-6) 
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Fig. 2m-3. Diurnal and seasonal variation in the structure of the ionosphere. (Prepared bu 
W. W. Kellogg.) 



Table 2m-6. Value of the Cobiolis Pabameter / 



Latitude 


/, 


Latitude 


/, 




sec 1 




sec -1 


0° 





50° 


1.1172 X 10~ 4 


10° 


0.2533 X 10" 4 


60° 


1.2630 X 10~ 4 


20° 


0.4988 X 10~ 4 


70° 


1.3705 X 10~ 4 


30° 


0.7292 X 10~ 4 


80° 


1.4363 X 10~ 4 


40° 


0.9375 X 10~ 4 


90° 


1.4584 X 10~ 4 


45° 


1.0313 X 10" 4 1 







where -d®/dn is the gradient of geopotential on the constant-pressure surface normal 
to the direction of the geostrophic wind. For contours drawn at intervals of 100 gpm 
on a constant-pressure map, Eq. (2m-6) reduces to 



V a = 



0.01712 

/An 



knots 



(2m-7) 



where An is the spacing between successive contours measured normal to the direction 
of the geostrophic wind component in units of degrees of latitude. For contours 
drawn at intervals of 200 geopotential feet 



V a = 



0.01044 

/An 



knots 



(2m-8) 
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.■1*2 

' fpdn 



(2m-9) 



where P is the density of the air and -dp/dn is the horizontal pressure gradient normal 
to the geostrophic wind component. For a 3-mb isobaric interval and an air density 

of 10~ 3 gm cm" 3 , 

O005241 knots (2m . 10) 

f An 

Gradient Wind. To improve the approximation of the geostrophic wind to the true 
wind in the free atmosphere, other terms may be included in the equation of motion. 
The most common additional term is that which expresses the acceleration arising 
from the curvature of the path of the moving air parcel. The addition of this term to 
the expression for the geostrophic wind speed gives the gradient wind speed V. 

(2m-ll) 



-?[-+ ( i+ f)'] 



where r is the radius of curvature of the trajectory of the air parcel and the following 
sign convention is used: for cyclonic curvature rf > 0, for anticyclonic curvature 

2m-ll. Radiation. Solar Constant. 1 The solar constant, the mean values of the 
total solar radiation, at normal incidence, outside the atmosphere at the mean solar 
distance = 2.00 g-cal cm"* min" 1 (pe = 2 per cent). The solar-illuminance con- 
stant = 13.67 lumens cm -2 . 

Insolation. Figure 2m-4 shows the average daily solar radiation received on a 
square centimeter of horizontal surface at the ground during January and July on 
cloudless days 2 (solid lines) and on days with average cloudiness 3 (dotted lines). The 
units are gram-calories per square centimeter per day. 

Albedo. Table 2m-7 gives a range of albedo measurements 4 observed for various 

types of surfaces. 

Table 2m-7. Albedo Measurements 



% 

3-10 
3-37 



Forest 

Fields, grass, etc 

Bare ground . 3_30 

Snow, fresh 8 °- 90 

Snow, old 45 ~ 70 

Whole earth, visible spectrum 39 

Whole earth, total spectrum 35 

Clouds* 5-85 

Water (reflectivity values are given in the following table) t 



Elevation of sun . 
Reflectivity, % . . 



90° 
2.0 



70° 
2.1 



50° 
2.5 



40° 
3.4 



30° 
6.0 



20° 
13.4 



10° 
34.8 



5° 
58.4 



0° 
100.0 



* For clouds in the absence of absorption, the albedo is a function of the drop sze distribution, liquid- 
water content, and cloud thickness. See S. Fritz, J. Meteorol. 11 (4) 291-300 (1954). 

t The reflectivity of a water surface for solar radiation is a function of the sun s elevation ang e. 
The values given have been computed for a plane surface; however, the observed reflection from dis- 
turbed surfaces shows only small deviation from these values. 

i F. S. Johnson, J. Meteorol. 11 (6), (December, 1954). 

2 S. Fritz, Heating and Ventilating 46 (1), (January, 1949). 

s S Fritz and T. H. MacDonald, Heating and Ventilating 46 (7), (July, 1V4M). 

* For a more complete list, including sources, see R. J. List, op. cit., pp. 442-444. 
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Fig. 2m-4. Average daily solar insolation (gcal cm -2 day -1 ) at the ground on cloudless days 
(solid lines) and on days of average cloudiness (dotted lines) . {After Fritz.) 
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40 50 60 70 

RADIUS IN MICRONS 

Fig. 2m-5. Cloud drop-size spectra. {Prepared by H. J. aufm Kampe.) 

Table 2m-8. Average Water Content of Typical Clouds 



roo no 



Cloud type. . . . 

Water content, gm m~ 3 . . . 



Cirrus* 
0.01-0.05 



Cumulus 

congestus 

4 



Fair-weather 

cumulus 

1 



Stratus 



0.3 



Strato- 

cumulus 

0.2 



* Cirrus clouds consist mainly of column-shaped ice crystals. In cirrostratus, single, more or less 
completely built columns (twin crystals) of about 100 /* in length and 25 jx in diameter predominate. In 
dense cirrus and cirrocumulus clouds the columns are incompletely built and occur in clusters. The 
length of the individual crystals in such clusters is approximately 100 to 300 /» and the diameter 30 to 
100 fi. 

2m-12. Clouds. 1 The drop-size spectra of typical cloud types are?, given in Fig. 
2m-5. 

2m-13. Climatology. Space limitations preclude the presentation of climatological 
data. In addition to standard climatological texts, the following sources of such data 
are suggested: 

U. S. Department of Agriculture, Yearbook of Agriculture: "Climate and Man," 

Government Printing Office, Washington, 1941. 
Glenn A. Greathouse, and Carl J. Wessel, ed.: " Deterioration of Materials, Causes, 

and Preventative Techniques," Chap. I, Climate and Deterioration, Reinhold 

Publishing Corporation, New York, 1954. 
U.S. Weather Bureau: Climatological Data, National Summary (issued monthly, 

with an annual summary). 



1 Data furnished by Dr. H. J. aufm Kampe, Signal Corps Engineering Laboratories, Ft. 
Monmouth, N.J. 
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Note: Also available from the U.S. Weather Bureau are more detailed climatological 
summaries for individual states and local climatological data for individual cities, as 
well as many unpublished data. 

2m-14. Atmospheric Diffusion. 1 In most meteorological problems, the effects of 
molecular diffusion are far outweighed by the turbulent eddies present in the atmos- 
phere. One approach to this problem is to treat the phenomenon in a manner 
analogous to that of molecular diffusion. The coefficient of diffusion in such applica- 
tions is a function of the size of the turbulent eddies and is therefore dependent on the 
time and space scale being considered. Figure 2m-6 2 gives the magnitude of the 

X(CM) 




AT HEIGHT z IS DENOTED BY CHARACTERISTIC AREAS ON THE DIFFUSION 
DIAGRAM: 

^ I -10 KM FOR ORDINARY TURBULENCE |g$| 0-1 KM 

A'l-IOKM FOR CUMULUS CONVECTION + + + 25-35 KM 

B I -10 KM FOR CUMULONIMBUS CONVECTION -"- 45-80 KM'' 

V 10-25 ,35-45 AND 80-100 KM 

V HORIZONTAL GROSS -AUSTAUSCH OF THE GENERAL CIRCULATION 

Fig. 2m-6. Diffusion diagram. {From Lettau.) 

coefficient of eddy diffusion D as a function of the characteristics of the eddies, as well 
as the variation of the coefficient of molecular diffusion d with height. In Fig. 2m-6, 
each point of the X, £ plane determines a diffusion coefficient (cm 2 sec" 1 ). In molecular 
diffusion, X « free path and f « mean molecular speed; d — X£ is fixed by the density 
and temperature of the atmosphere; consequently, the height variation of d is marked 
by a curve. In eddy diffusion, X « mixing length and f « mixing velocity; owing to 
the variability of these elements, D = Xf and its variation with height are denoted by 
characteristic areas when the possible variability of D is narrowed by the consideration 
of limiting values of eddy accelerations G" 2 /X) and time terms (X/£). 

For another approach to the problem of turbulent diffusion, especially in dealing 
with the diffusion of contaminants in the lower atmosphere, see Sutton. 3 

1 For the definition of diffusion coefficient ef. pp. 2-189 and 2-211. 

2 H. Lettau, "Compendium of Meteorology," T. F. Malone, ed., pp. 320-333, American 
Meteorological Society, Boston, 1951. 

3 O. G. Sutton, "Micrometeorology," McGraw-Hill Book Company, Inc., New York, 
1953. 
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2n-l. Density of Liquids. Introduction. The density of a homogeneous liquid is 
defined as the mass per unit volume. Density can be expressed either in absolute 
units or on a relative scale. The conventional absolute units are grams per milliliter 
and grams per cubic centimeter. A milliliter is defined as 1/1,000 liter where the liter 
is the volume occupied by one kilogram of pure air-free water at its temperature of 
maximum density (3.98°C) and under atmospheric pressure (760 mm Hg). From this 
definition the density of pure water is 1.0000 g/ml at 3.98°C. The conversion from 
g/ml to g/cm 3 is given by 1 g/ml = 0.999973 g/cm 3 . For expressing densities on a 
relative scale the specific gravity is used. The specific gravity gives the ratio of the 
density of a liquid at a particular temperature to the density of a standard liquid 
(usually pure water) at a standard temperature. When the standard temperature is 
3.98°C, the specific gravity with respect to water is numerically equal to the absolute 
density in g/ml. The conventional symbol for absolute density is p or d. The former 
will be used in this set of tables. The conventional symbol for specific gravity is d\\ 
where h is the temperature of the liquid and ti is the temperature of the standard. 

2n-2. Methods of Measurement. The pycnometer method is most commonly used 
when precise density measurements on a particular liquid are desired at fixed tempera- 
tures. 2 A pycnometer is a vessel made of glass with a low coefficient of expansion 
whose volume can be determined very precisely in terms of its capacity for a standard 
liquid. Most pycnometer s have a capacity of about 30 ml. The general procedure 
consists of filling the pycnometer with the unknown liquid, thermostating the system 
at the desired temperature, determining the volume of the pycnometer occupied by the 
liquid, and then weighing the pycnometer. For determining densities of the same 
sample over a range of temperatures, the dilatometer method is sometimes used. In 
one variation of this method a secondary standard liquid such as mercury is placed in 
contact with the liquid sample. As the temperature is raised the secondary liquid 
is displaced out of the dilatometer. The weight of the displaced secondary liquid is a 
measure of the change in volume of the unknown liquid. Another variation of this 
method involves the observation of the change in level of the unknown liquid in a 
narrow calibrated capillary attached to the main flask. The measurements of 
densities of liquefied gases at or near their boiling points are more complicated, since a 
closed system may have to be used and significant corrections must be made for the 
density of the vapor in equilibrium with the liquid. 3 

1 Now at Trinity College. 

2 A. Weissberger and W. N. Rae, "Physical Methods of Organic Chemistry," 2d ed., 
vol. I, pt. 1, pp. 253ff., Interscience Publishers, Inc., New York, 1949; V. Reilly and W. N. 
Rae, " Physico-Chemical Methods," 3d ed., vol. I, pp. 61ff., D. Van Nostrand Company, 
Inc., New York, 1949. 

3 W. H. Keeson, "Helium," pp. 206ft\, Elsevier Press, Inc., New York, 1942; E. R. 
Grilly, E. F. Hammel, and S. G. Sydoriak, Phya. Rev. 75, 1103 (1949) ; E. R. Grilly, J. Am. 
Chem. Soc. 73, 5307 (1951). 
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2n-3. Reliability. The reliability of the density measurements tabulated is 
variable. This compilation does not pretend to evaluate for extreme accuracy. 
Such factors as uncertainty in the temperature scale, possible impurities of the sam- 
ples, and in some cases even changes in atomic weights must be taken into considera- 
tion when applying a critical analysis. The data are given as reported in the original 
literature or in other standard works and are to be interpreted in the spirit of being 
representative values. Reference to the original literature is recommended in cases 
of doubt. Among the organic liquids there are some very recent and complete 
investigations to examine. Among many of the inorganic liquids data are both old 
and scarce. 

2n^4. Standard Reference Works with Density Data 

"International Critical Tables," McGraw-Hill Book Company, Inc., New York, 1928. 
Landolt-Bornstein: " Physikalisch-Chemische Tabellen," 5th ed. and supplements, 

Springer-Verlag OHG, Berlin, 1923-1935 (Edwards Bros. Inc., Ann Arbor, Mich., 

1943). 
Timmermans, J.: " Physico-chemical Constants of Pure Organic Compounds," 

Elsevier Press, Inc., New York, 1950. 
Mellor, J. F.: "Comprehensive Treatise of Inorganic and Theoretical Chemistry," 

Longmans, Green & Co., Inc., New York, 1921-1929. 
Simons, J. H., ed.: "Fluorine Chemistry," Academic Press, Inc., New York, 1950. 

2n-5. Density of Water. A rather complete analysis of all the investigations of the 
physical properties of water is given by N. Ernest Dorsey. 1 He points out that the 
data from which the density tables are made up do not take into consideration the 
isotope effect. Because of this there may be uncertainties of the order of 8 parts in 
10 T introduced when the densities of samples from various sources are considered. 
Fractional distillation of D 2 has revealed differences of the order of 20 parts in 10 6 
in deuterium content in different samples. There is also some reason to believe that 
the polymerization is a factor in the variability of the physical properties of water. 
Values of the density of water as a function of temperature are presented in Table 
2n-l. Similar data for other liquids follow in Tables 2n-2 through 2n-ll. 

1 N. Ernest Dorsey, "Properties of Ordinary Water Substance," Reinhold Publishing 
Corporation, New York, 1948. 
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Table 2n-l. Density of Pure Air-free H 2 at Atmospheric Pressure 

(p = g/ml; t = °C) 















Range 0-40°C* 
















i 


P I t 


p 


t 


p 









0.9998676 5 


0.9999919 


10 


0.9997281 






1 


0.9999265 


6 


0.9999683 


11 


0.9996336 






2 


0.9999678 


7 


0.9999297 


12 


0.9995261 






3 


0.9999922 


8 


0.9998765 


13 


0.9994059 






4 


1.0000 


9 


0.9998092 


14 


0.9992732 




t 


0.0 


0.1 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.-8 


0.9 


15 


0,9991286 


1134 


0982 


0828 


0674 


0518 


0360 


0202 


0043 


9882 


16 


0.9989721 


9558 


9394 


9229 


9062 


8895 


8726 


8557 


8386 


8214 


17 


0.9988041 


7867 


7691 


7515 


7337 


7158 


6979 


6798 


6616 


6433 


18 


0.9986248 


6063 


5877 


5689 


5501 


5311 


5120 


4928 


4735 


4541 


19 


0.9984346 


4150 


3953 


3754 


3555 


3355 


3153 


2950 


2747 


2542 


20 


0.9982336 


2130 


1922 


1713 


1503 


1292 


1080 


0867 


0653 


0438 


21 


0.9980221 


0004 


9786 


9567 


9346 


9125 


8903 


8679 


8455 


8230' 


22 


0.9978003 


7776 


7547 


7318 


7088 


6856 


6624 


6390 


6156 


5921 


23 


0.9975684 


5447 


5208 


4969 


4729 


4487 


4245 


4002 


3758 


3512 


24 


0.9973266 


3019 


2771 


2522 


2272 


2021 


1769 


1516 


1262 


1007 


25 


0.9970751 


0494 


0237 


9978 


9718 


9458 


9196 


8934 


8671 


8406 




t 


P 1 t 


p 


t 


p 






26 


0.9968141 31 


0.9953722 


36 


0.9937159 






27 


0.9965437 32 


0.9950575 | 37 


0.9933604 






28 


0.9962642 33 


0.9947344 


38 


0.9929970 






29 


0.9959757 34 


0.9954030 


39 


0.9926260 






30 


0.9956783 35 


0.9950635 


40 


0.9922473 





Range 40-100 o Cf 



t 




p 


— , 
t 


p 


t 


p 


40 


0.99224 


65 


0.98059 


90 


0.96534 


45 


0.99024 


70 


0.97781 


95 


0.96192 


50 


0.98807 


75 


0.97489 


100 


0.95838 


55 


0.98573 


80 


0.97183 






60 


0.98324 


85 


0.96865 











Range 100-370°Ct 






t 


p 


t 


p 


t 


p 


100 


0.95841 


190 


0.87639 


280 


0.75063 


110 


0.95099 


200 


0.86492 


290 


0.73237 


120 


0.94317 


210 


0.85290 


300 


0.71266 


130 


0.93494 


220 


0.84031 


310 


0.69118 


140 


0.92629 


230 


0.82712 


320 


0.66747 


150 


0.91721 


240 


0.81330 


330 


0.64095 


160 


0.90771 


250 


0.79881 


340 


0.61071 


170 


0.89776 


260 


0.78368 


350 


0.57497 


180 


0.88733 


270 


0.76769 


360 


0.52872 



See page 2-139 for footnotes. 
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Table 2n-l. Density of Pure Air-free H 2 at 

Atmospheric Pressure (Continued) 

Range to -13°C1f 
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t 


p 


t 


p 


t 


p 





0.999868 


-5 


0.999176 


-10 


0.997935 


-1 


0.099773 


-6 


0.998950 


-11 


0.997636 


-2 


0.999673 


-7 


0.998720 


-12 


0.997292 


-3 


0.999553 


-8 


0.998501 


-13 


0.997292 


-4 


0.999380 


-9 


0.998249 







* L. W. Tilton and J. K. Taylor, J. Research Natl. Bur. Standards 18, 205 (1937). 
t V. Stott and P. H. Bigg, "International Critical Tables," vol. 3, p. 24, McGraw-Hill Book Com- 
pany, Inc., New York, 1928. 

t F. G. Keyes and L. B. Smith, Mech. Eng. 53, 132 (1931). 
f J. F. Mohler, Phys. Rev. 35, 236 (1912). 

Table 2n-2. Density of D 2 (100% D 2 with Normal Oxygen 

Isotope Composition) 

(p - g/ml; t = °C) 

Range 3.8-20°C* 



t 


p 


3.8 


1 . 10533 


5 


1 . 10549 


10 


1 . 10588 


15 


1 . 10577 


20 


1 . 10527 



Range 20-100 o Cf 



t 


p 


t 


p 


t 


p 


20 


1.10530 


50 


1.09562 


80 


1.07815 


25 


1 . 10437 


55 


1.09316 


85 


1.07467 


30 


1 . 10315 


60 


1*. 09051 


90 


1.07104 


35 


1.10167 


65 


1.08766 


95 


1.06729 


40 


1.09989 


70 


1.08466 


100 


1.06339 


45 


1.09786 


75 


1.08148 







Range 90-250°Cj: 



i 


p 


t 


p 


t 


p 


90 


1.0708 


150 


1.0167 


210 


0.943 


100 


1.0630 


160 


1.0058 


220 


0.928 


110 


1.0547 


170 


0.9950 


230 


0.913 


120 


1.0459 


180 


0.9826 


240 


0.897 


130 


1.0366 


190 


0.970 


250 


0.881 


*140 


1.0268 


200 


0.957 







* T. L.-Chang and J. Y. Chien, J. Am. Chem. Soc. 63, 1709 (1941). 

t R. Schrader and K. Wirtz, Z. Naturforsch. 6a, 220 (1951). 

% J. R. Heiks, M. K. Barnett, L. V. Jones, and E. Orban, J. Phys. Chem. 58, 488 (1954). 

The maximum density of DsO has been determined to be 1.10596 g/ml at 11.23°C. K. Stokland, 
E. Ronaess, and L. Tronstad, Trans. Faraday Soc. 35, 312 (1938). This is based on a value for d\\ of 
1.10764. L. Tronstad and Brun, Trans. Faraday Soc. 34, 766 (1938). See H. L. Johnston, J. Am. 
Chem. Soc. 61, 878 (1939), for a discussion of these values. 

The density of HjO and D2O at 370°C are approximately the same. E. H. Riesenfield and T. 
L.-Chang, Z. physik. Chem. B30, 61 (1935); B28, 408 (1935). 
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Table 2n-3. Density of Mercury (Hg) 

(p = g/ml; t = °C) 

Range -38.87 to 100°C* 



t 


p 


1 


p 


-38.87 


13.691 9 


24 


13.536 4 


-30 


13.669s 


| 25 


13.534o 


-20 


13.645 


30 


13.521 8 


-10 


13.620 2 


35 


13.509 6 





13.595 5 


40 


13.497 3 


5 


13.583 2 


45 


13.485i 


10 


13.570 9 


50 


13.472 9 


15 


13.558 6 


55 


13.460s 


16 


13.5562 


60 


13.448 6 


17 


13.553 7 


65 


13.436 5 


18 


13.551a 


70 


13.424 3 


19 


13 . 548 8 


75 


13.412 2 


20 


13 . 546 3 


80 


13.400i 


21 


13.543 9 


85 


13.388o 


22 


13.541s 


90 


13.375 9 


23 


13.538 9 


95 


13.363 9 






100 


13.351 8 



Range 100-360 o Cf 



t 


P 


t 


P 


t 


p 


100 


13.3518 


200 


13.113 


300 


12.875 


120 


13.304 


220 


13.065 


320 


12.827 


140 


13.256 


240 


13.018 


340 


12 . 779 


160 


13.208 


260 


12.970 


357.1 


12.737 


180 


13.160 


280 


.12.922 







* Stott and Bigg, "International Critical Tables," vol. 2, p. 457, McGraw-Hill Book Company, Inc., 
New York, 1928; Sears, Proc. Phys. Soc. (London) 26, 95 (1913). 

t G. W. C. Kaye and T. H. Laby, " Tables of Physical and Chemical Constants," 10th Ed., Longmans, 
Green & Co., Inc., New York, 1948; Chappuis, "Traveaux et memoires du bureau international des 
poids et mesures," vol. 16, 1917. 

Table 2n-4. Density of Methyl Alcohol (CH 3 OH) 
Density at Fixed Points 



(p - 


g/ml; t - <>C) 


t 


p 





0.809985* 


5 


0.80535* 


25 


0.78654* 


25 


0. 78655 f 


30 


0.78181* 
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Table 2n-4. Density of Methyl Alcohol (CH 3 OH) (Continued) 
Density as a Function of Temperature 



Range 0-60°Ct 


t 


p 





0.80999 


5 


0.80536 


10 


0.80070 


15 


0.79602 


20 


0.79132 


25 


0.78660 


30 


0.78186 


35 


0.77710 


40 


0.77232 


45 


0.76753 


50 


0.76270 


60 


0.75300 



These data fit a formula 

p = 0.80999 - 0.0009253* - 0.0000004K 2 (2n-l) 

Range -94.5 to 15°C1F 
P =0.81015 - 0.0010041* - 0.000001802* 2 - 0.00000001657* 3 (2n-2) 

*A. Rakowski and A. B. Frost, Trans. Inst. Pure Chem. Reagents U.S.S.R. 9 (334), 95 (1930). 
t R. E. Gibson, J. Am. Chem. Soc. 57, 1551 (1935). 

J Brunei and Van Bibber, "International Critical Tables," vol. 3, p. 27, McGraw-Hill Book Company, 
Inc., New York, 1928. 

IF J. Timmermans, Sci. Proc. Roy. Dublin Soc. 13, 310 (1912). 
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Density at Fixed Points 



Table 2n-5. Density of Ethyl Alcohol (C 2 H 6 OH) 

(p = g/ml; t = °C) 



Density as a Function of Temperature 



t 


P 





0.806306* 


25 


0.785063* 


25 


0. 78506 f 


50 


0.763137* 


ature 




Range 0-40°Ct 


t 


p 


10 


0.79784 


15 


0.79360 


20 


0.78934 


25 


0.78506 


30 


0.78075 


35 


0.77641 


40 


0.77203 



These data fit a formula 

p = 0.78506 - 0.0008591 (t - 25) - 0.00000056 (t - 25) 2 - 0.0000000050 - 25) 3 



(2n-3) 



These data fit a formula 



Range 40-78°C If 


t 


p 


45 


0.76773 


50 


0.76329 


60 


0.75423 


70 


0.74491 


78 


0.73720 


08461/ 


+ 0.000000160* 2 - 0.0000000085* 3 


Ran 
t 
-59 


sje below 0°C§ 


P 
0.856 


-78 


0.872 



(2n-4) 



* Kretschmer, Nowakowska, and Wieba, J. Am. Chem. Soc. 70, 1785 (1948). 

f N. S. Osborne, E. C. McKelvey, and H. W. Bearce, Natl. Bur. Standards (U.S.) Bull. 9, 327 (1913). 
% N. S. Osborne, E. C. McKelvey, and H. W. Bearce, Natl. Bur. Standards (U.S.) Bull. 9, 327 (1913). 
1[ Brunei and Van Bibber, "International Critical Tables," vol. 3, p. 27, McGraw-Hill Book Com- 
pany, Inc., New York, 1928. 

§ Beilstein, "Organische Chemie," vol. 1, p. 148, 1928. 
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Table 2n-6. Densities of Selected Inorganic Liquids 
(Range 0-50°C; p = g/ml; t = °C; pressure atmospheric) 
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Substance 



Arsenic trichloride .... 

Arsenic trifluoride 

Bromine pentafluoride . 
Bromine trifluoride ... 
Carbon disulfide 



Carbonyl chloride 

Chlorine trifluoride 

Chromium oxychloride. . . . 

Hydrazine , . . 

Hydrogen fluoride 

Hydrogen peroxide 

Hydrogen disulfide 

Iodine pentafluoride 

Iron penta-carbonyl 

Nickel carbonyl 

Nitric acid (100%) 

Nitrogen dioxide 

Dinitrogen oxide . . 

Phosphorus tribromide ...» 

Phosphorus trichloride 

Phosphorus oxychloride 

Selenium tetrafluoride 

Silicon tetrachloride 

Stannic Ghloride 

Sulfur chloride 

Sulfuric acid (100%) 

Sulfur trioxide. . ... ■ 

Sulfuryl chloride. . 

Sulf uryl chlorofluoride 

Thiocarbonyl tetrabromide . 
Thiocarbonyl tetrachloride . 

Thionyl chloride 

Vanadium oxy trichloride , . 



Formula 



AsCl 3 
AsF 3 
BrF 5 
BrF 3 

CS 2 

COCl 2 

C1F 3 

Cr0 2 Cl 2 

NH 2 NH 5 

HF 

H 2 2 

H 2 S 2 

IF 6 

Fe(CO) 5 

Ni(CO) 4 

HN0 3 

N0 2 

N2O3 

PBr 3 

PC1 3 

POCl 3 

SeF 4 

SiCl 4 

SnCl 4 

S 2 C1 2 

H 2 S0 4 

S0 3 

S0 2 C1 2 

S0 2 FC1 

CSBr 4 

CSC1 4 

SOCl 2 

VOCl 3 



t 



20 
20 
25 
25 


20 




20 





19.90 
25 


18 
20 
20 
20 


20 
20 
20 
20 
20 
20 
20 
20 

20.46 
20 


20 
20 
20 
20 



2.161 

2.590 

2.4604 

2.8030 

1.29272 

1.2632 

1.4187 

1.891 

1.923 

0.9816 

1.0015 

1.4419 

1.3270 

3.29 

1.4644 

1.310 

1.502 

1.348 

1.450 

2.877 

1.575 

1.675 

2.77 

1.483 

2.231 

1.678 

1.834 

1.9207 

1.673 

1.623 

3.0240 

1.6996 

1.638 

1 .828 



Year 



1880 
1880 
1954 
1954 
1923 
1926 
1946 
1950 
1880 
1950 
1933 
1920 
1930 
1933 
1891 
1891 
1919 
1919 
1888 
1845 
1880 
1880 
1928 
1880 
1880 
1880 
1923 
1941 
1897 
1936 
1929 
1929 
1880 
1910 



Ref. 



1 

1 

2 

2 

3 

4 

5 

6 

1 

7 

8 

9 

10 

16 

11 

1 

1 

1 

1 

1 

1 

1 

12 

1 

1 

1 

1 

13 

1 

14 

15 

15 

1 

1 



References for Table 2n-6 

1. Baxter, G. P.: "International Critical Tables/' vol. 3, p. 22, McGraw-Hill Book 
Company, Inc,, New York, 1928. 

2. Stein, X., R. G. Vogel, and W. H. Ludewig: /. Am. Chem. Soc. 76, 4287 (1954). 

3. Timmermans, J.: Bull. soc. chim. Beiges 32, 299 (1923). 

4. Mathews, J. H.: J. Am. Chem. Soc. 48, 562 (1926). 

5. Davies, C. N.: J. Chem. Phys.14, 48 (1946). 

6. Simons, J. H, ed.: "Fluorine Chemistry," Academic Press, Inc., New York, 1950 
(private communication to editor from C. F. Swinehart and F. J. Burton, Jr.). 

7. Hough, E. W., D. M. Mason, and B. H. Sage: «/. Am. Chem. Soc. 72, 5774 (1950). 

8. Simons, J. H., and J. W. Bouknight: J. Am. Chem. Soc. 54, 129 (1932); /. Am. 
Chem. Soc. 65, 1458 (1933). 

9. Maass, O., and W. H. Hatcher: J. Am. Chem. Soc. 42, 2548 (1920). 

10. Butler, K. H., and O. Maass: /. Am. Chem. Soc. 52, 2184 (1930). 

11. Mond and Langer: /. Chem. Soc. (London) 69, 1090 (1891). 

12. Prideaux, E. B. R., and C. B. Cox: /. Chem. Soc. (London) 133, 1603 (1928). 
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Westrink, R.: Acad. Proefschrift Univ. Amsterdam, N. V. Drukkerij en Uitgevers- 
gaak de Mercuur, Hilversum, 1941. 

14. Booth, H. S., and C. V. Herrmann: /. Am. Chem. Soc. 68, 63 (1936). 

15. Briscoe, H. T., J. B. Peel, and P. L. Robinson: J. Chem. Soc. (London) 1929, 1048. 

16. Ruff, O., and A. Braida: Z. anorg. u. allgem. Chem. 206, 63 (1932); 214, 91 (1933). 

Table 2n-7. Liquid Densities of Elementary and Inorganic Substances 

Which Are Normally Gaseous under Standard Conditions 

(Range below 0°C; p = g/ml; t = °C; pressure atmospheric*) 



Substance 


Formula 


t 


p 


Year 


Ref. 


Air 


20.9% Oxygen 
53.6% Oxygen 
72.15% Oxygen 
94.4% Oxygen 
NH 4 
A 

BF 3 
B2H6 
C0 2 
CO 

Cl 2 

F 2 

HBr 

HCl 

HI 

H 2 Se 

H 2 S 

H 2 Te 
Kr 

Ne 
NO 

N 2 

N 2 

N2O3 

2 

Os 

Rn 

SiH 4 

Si 2 H 6 

S0 2 

UF 8 

Xe 


-194 
-194 
-194 
-194 

-40 
-189.38 (T.P.) 
-183.15 
-101.0 (N.B.P.) 
-108.2 

-56.6 (T.P.) 
-195.08 (ortho- 
baric) 

-33.7 (N.B.P.) 

-40 
-195.94 

-68.7 

-85.8 

-35.7 (N.B.P.) 

-42 

—27 (orthobaric) 

-60.1 (N.B.P.) 

-63 

-17.7 
-157 21 (T.P.) 
-245.9 (N.B.P.) 
-150.2 (N.B.P.) 
-153.6 

-195.84 (N.B.P.) 
-198.3 

-89.4 (N.B.P.) 
-8 
-182.97 (N.B.P.) 
-182.5 
-195.0 
-112.4 (N.B.P.) 

-62 (N.B.P.) 
-185 

-25 

-10 
-209.11 (T.P.) 
-111.80 (T.P.) 
-106.9 (N.B.P.) 


0.92 

1.015 

1.068 

1.133 

0.6900 

1.4195 

1.3740 

1.595 

0.4542 

1.179 

0.80640 

1.568 

1.574 

1.562 2 

2.157 

1 . 1937 

2.799 

2.12 

1.961 

0.964 

0.9539 

2.701 

2.4525 

1.204 

1.269 

1.227 

O.8O84 

0.8297 

1 2257 

1.464 

1.144 7 

1.1181 

1 . 1953 

1.63 

4.40 

0.68 

0.69 

1.4601 

3.630 

3.0506 

3.063 


1923 
1940 
1912 
1932 
1941 
1928 
1936 

1909 
1926 
1954 
1906 
1906 
1906 
1902 
1932 
1906 
1932 
1932 
1940 
1915 
1910 
1932 
1915 
1902 
1904 
1888 
1911 
1904 
1930 
1924 
1912 
1916 
1916 
1899 
1949 
1932 
1912 




Ammonia 


24 


Argon 


2 


Boron trifluoride 

Diborane 


14 
3 
4 


Carbon dioxide 

Carbon monoxide 

Chlorine 


5 
6 

7 


Fluorine 


8 
9 


Hydrogen bromide 

Hydrogen chloride .... 

Hydrogen iodide 

Hydrogen selenide . . . . 

Hydrogen sulfide 

Hydrogen telluride . . . 
Krypton . 


10 
10 
10 
13 
12 
10 
11 
12 
2 


Neon 


14 


Nitric oxide 


16 


Nitrogen . 


17 
14 


Nitrous oxide 

Dinitrogen oxide 

Oxygen 


15 
18 
19 
14 


Ozone 


20 
21 
14 


Radon 


14 


Silicane 


22 


Disilicane 


22 


Sulfur dioxide 

Uranium hexafluoride. 
Xenon 


22 

23 

2 




14 



N.B.P. - normal boiling point; T.P. - triple point. 
See Table 2n-8 for liquid hydrogen and liquid helium. 

* Unless specified as orthobaric (i.e., corresponding to thermodynamic equilibrium of coexistent 
liquid and vapor phases) or T.P. 
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13. Fonzes-Diacon, H.: Compt. rend. 134, 171 (1902). 

14. Porter, A. W.: " International Critical Tables," vol. 3, p. 20, McGraw-Hill Book 
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15. Inglis and Coates: /. Chem. Soc. (London) 89, 886 (1902). 

16. Adwentowski: Chem. Zentr. 19101, 1107. 

17. Cheesman, G. H. : /. Chem. Soc. (London) 1932, 889. 
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19. Geuther: Liebigs Ann. Chem. 1888, 245. 
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21. Biltz, Fischer, and Wunnenberg: Z. anorg. u. allgem. Chem. 193, 358 (1930). 
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23. Hoge, J., and M. T. Wechsler: /. Chem. Phys. 17, 617 (1949). 

24. Timmermans, J.: Bull. Soc. Beiges 32, 299 (1923). 



2-146 MECHANICS 

Table 2n-8. Densities of Cryogenic Liquids 
Helium (isotope 4) a 

N.B.P. = 4.216°K 

T = 4.20°K; pressure = 1 atm; p = 0.1251 g/ml 
T\ = 2.186°K; pressure = 38.3 mm Hg; p - 0.1462 g/ml 
T\ = 2. 178°K; pressure = 1 atm.; p = 0,1473 g/ml 
Helium (isotope 3) b 

T - 3.20°K (N.B.P.); p = 0.057 g/ml 
Normal hydrogen (isotope l) c : 

T = 20.39°K (N.B.P.) ; f> = 0.07098 g/ml 
Par ahydrogen (isotope l) d 

T - 20.27°K (N.B.P.); p - 0.07076 g/ml 
Hydrogen deuteride (HD) e * ' ' 

T = 16.604°K (T.P.); pressure = 92.8 mm Hg; p = 0.1234 g/ml 
Deuterium (isotope 2) f 

T = 18.72°K (T r P.); pressure = 128.5 mm Hg; p = 0.1739 g/ml 
Tritium (isotope 3)* 

T - 25.04°K (N.B.P.); p = 0.2571 g/ml 

N.B.P. — normal boiling point; T. P. = triple point. 

For a discussion of the provisional temperature scale in the liquid-hydrogen region see ref. e and 
H. J. Hoge and F. G. Brickwedde, J. Research Nail. Bur. Standards 22, 351 (1939). 

° W. H. Keesom, "Helium," pp. 240, 207, 226, Elsevier Press, Inc., New York, 1940. The tempera- 
ture scale in the liquid-helium range must be considered when evaluating the reported results of density 
measurements. A discussion of the problems involved and the most recent conventions adopted is 
given in C. F. Squire, "Low Temperature Physics," p. 25, McGraw-Hill Book Company, Inc., 1953. 

&E. R. Grilly, E. F. Hammel, S. G. Sydoriak, Phys. Rev. 75, 1103 (1949). Interpolated value by 
private communication. 

° R. B. Scott and F. G. Brickwedde, J. Research Natl. Bur. Standards 19, 237 (1937). 

d R. B. Scott and F. G. Brickwedde, J. Research Natl. Bur. Standards 19, 237 (1937). 

« H. W. Woolley, R. B. Scott, and F. G. Brickwedde, J. Research Natl. Bur. Standards 41, 379 (1948). 

/ K. Clusius and E. Bartholome, Z. phys. Chent. B30; 1237 (1935). 

o E. R. Grilly, /. Am. Chem. Soc. 73, 5307 (1951). Interpolated value by private communication. 
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Table 2n-9. Densities of Selected Organic Liquids 
(Range to 25°C; P » g/ml; t = °C; pressure atmospheric) 



Substance 



Acetic acid 

Acetone ...... .'.'. 

Alcohol, amyl 

Alcohol, n-butyl. 

Alcohol, ethyl* 

Alcohol, methyl f 

Alcohol, n-propyl 

Alcohol, isopropyl . . . 

Aniline 

Benzene 

Bromobenzene 

Bromof orm 

Carbon disulfide 

Carbon tetrachloride . 

Chloroform 

Chlorobenzene 

Cyclohexane 

Cyclopentane 

Diethyl ether 

Ethyl acetate 

Ethyl formate 

Formic acid 

Glycerol (glycerin) . . , 

Glycol, ethylene 

n-Heptane 

Heptene-1 

n-Hexane. ........... 

Hexene-1 . . . 

Hydrogen cyanide 

Iodobenzene 

Isoprene 

Methyl formate 

Methyl iodide 

Nicotine 

Nitrobenzene 

Nitroglycerin 

n-Nonane ■..'.. 

w-Octane 

n-Pentane 

Isopentane „ 

Pentene-1 

n-Propylbenzene 

Toluene 



Formula 



CH 3 C0 2 H 
CH3COCH3 
CsHnOH 
C 4 H 9 OH 



C 3 H 7 OH 

(CH 3 )rCHOH 

C 6 H 5 NH 2 

CeHe 

C6H 5 Br 

CHBr 3 

CS 2 

CCI4 

CHC1 3 

C 6 H 5 C1 

CeHi2 

C5H10 

(C 2 H 6 ) 2 

CH 3 .C0 2 C 2 H5 

HC0 2 C 2 H 6 

H.CO2H 

CH 2 OHCHOHCH 2 OH 

(CH 2 OH) 2 

n-C 7 Hi6 

CH 2 =CH— (CH 2 ) 4 — CHa 
n-CeH.14 

CH 2 =CH— (CH 2 ) 3 — CH 3 

HCN 

C 6 H 6 I 

CH 2 ==C(CH 8 )--CH=CH8 

HC0 2 CH 3 

CH 3 I 

C 6 H4NC 4 H 7 N(CH3) 

C 6 H 6 N0 2 

NH 2 N0 3 CHN0 3 CH 2 N0 3 

n-C 8 Hi8 

n-C 6 Hi2 

iso-C 5 Hi 2 

CH 2 =CH— CH 2 — CH 2 — CH S 

CeH5-n-C 3 H7 

C 6 H B — CH 3 



General reference: J. Timmermans, 
Elsevier Press, Inc., New York, 1950. 
* See Table 2n-5. 
t See Table 2n-4. 



20 
20 
15 
25 



20 

25 

20 

20 

20 

20 

20 

20 

20 

20 

20 

20 

15 

25 

15 

15 

20 

15 

20 

20 

20 

20 

20 

30 

20 

20 

15 

20 

25 

15 

20 

20 

20 

20 

20 

20 

20 



1.04926 
0.79053 
0.81837 
0.80567 





1 

1 
2 
1 
1 
1 
1 




0. 

1. 
1. 
1. 

0. 
0. 
0. 
0. 
0. 

1. 

0. 



2 

1. 

1. 

1. 

0. 

0. 







0. 





8035 
.78087 
.02173 
.87903 
.49519 
.8905 
.2632 
.5940 
.48913 
. 10617 
.77853 
.74538 
.71925 
.89468 
.92892 
22647 
2613 

11710 

68367 

6972 

6595 

6736 

6876 

81548 

6805 

97421 

29300 

0093 

1983 

5964 

7174 

70252 

62619 

61963 

6406 

8618 

86683 



Year 



1930 
1930 
1932 
1943 



1949 

1935 

1949 

1946 

1930 

1935 

1926 

1938 

1930 

1930 

1946 

1946 

1928 

1937 

1932 

1930 

1937 

1935 

1946 

1946 

1946 

1946 

1932 

1932 

1936 

1930 

1934 

1925 

1944 

1930 

1946 

1946 

1947 

1947 

1946 

1946 

1946 



Ref. 

1 
2 
3 
4 



5 
6 
7 
8 
9 
10 
11 
12 
9 
9 
8 
8 
13 
14 
15 
1 
16 
17 
8 
19 
18 
19 
20 
21 
22 
1 
23 
24 
25 
26 
18 
8 
27 
27 
19 
28 
8 
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Table 2n-10. Densities of Selected Fluorocarbon 

AND ChLORO-FLUORO LIQUIDS 

(Range all temperatures; p = g/ml; t = °C) 
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Substance 


Index 


t 


p 


Year 


Ref. 


n-Butf orane 


C4F10 

CsFio 

C2F6 

C2F4 

CF 3 H 

CCI3F 

OOl 2F2 

CC1F 3 

CHCI2F 

CHCIF2 

O2CI4F2 

C6F14 
CF4 

CsFig 

C5F12 

C3F8 

C6H5CF3 

CH3C6H4F 

BrC 6 H 4 F 


20.8 

20 
-78.2 
-76.3 
-84.4 

15 

20 
-130' 

15 

20 

25 

20 
-130 

20 

20 
0.2 

30 

30 

30 


1.47 (orthobaric) 

1.648 

1.61 

1.519 

1.465 

1.4995 

1.326 (orthobaric) 

1.726 

1.3906 (orthobaric) 

1.2130 

1.6447 

1.697 

1.62 

1.802 

1.634 

1.45 (orthobaric) 

1.1762 

0.9869 

1.5859 


1939 
1947 
1933 
1933 
1936 
1940 
1942 
1931 
1940 
1940 
1934 
1947 
1933 
1947 
1947 
1939 
1953 
1953 
1953 


1 
2 
3 
3 
4 
5 
6 
7 
5 
5 
8 
2 
3 
2 
2 
1 
9 
9 
9 


Cyclopentf orane 

Ethf orane 


Ethf orene 


Fluoroform 


Freon-11 


Freon-12 


Freon-13 


Freon-21 


Freon-22.. 


Freon-112 


Hexforanes (mixture) . . . 
Methf orane 


Octforanes (mixture) .... 
n-Pentf orane 


Propf orane 


Benzo trifluoride ........ 

p-Fluorotoluene 

p-Fluorobromobenzene . . 



General reference: J. H. Simons, ed., "Fluorine Chemistry," vol. I, Academic Press, Inc. New York 
1950. 

Pressure is atmospheric unless indicated as orthobaric conditions. 

References for Table 2n-10 

1. Simons, J. H., and L. P. Block: /. Am. Chem. Soc. 61, 2962 (1939); 59, 1407 (1937). 

2. Simons, J. H., ed., "Fluorine Chemistry," vol. I, p. 412, Academic Press, Inc., 
New York, 1950. 

3. Ruff, O. and O. Breitschneider: Z. anorg. u. allgem. Chem. 210, 173 (1933). 

4. Ruff, O., O. Breitschneider, W. Luchsinger, and G. Millschitzky : Ber 69. 299 
(1936). 

5. Simons, J. H., ed.: "Fluorine Chemistry," vol. I, Academic Press, Inc., New York, 
1950; Benning, A. F., and R. C. McHarness: Ind. Eng. Chem. 31, 912 (1939): 32! 
814 (1940). 

6. Benning, A. F., and W. H. Markwood, Jr.: "Thermodynamic Properties of Freon 
12," Kinetic Chemicals, Inc., Wilmington, Del., 1942. 

7. Ruff, O., and R. Keim: Z. anorg. u. allgem. Chem. 201, 255 (1931). 

8. Locke, E. G., W. R. Brode, and A. L. Henne: /. Am. Chem. Soc. 66, 1726 (1934). 

9. Rutledge, G. P., and W. T. Smith, Jr.: /. Am. Chem. Soc. 75, 5762 (1953). 
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Table 2n-ll. Specific Gravities of Selected Vegetable and Animal Oils* 

(Range 15-25°C; f = °C; d\\ = ratio of density of oil at temperature h to 

density of water at temperature U.) 



Substance 



Castor oil 

Cod-liver oil . . . 
Coconut oil ... . 
Cottonseed oil. 

Lard oil . . . 

Linseed oil. . . .. 
Neat's-f oot oil . 



Olive. 



Shark. 



Sperm . 



Tallow. 



Tung. 





a t2 


15 


0.960-0.967 


15 




15 


0.922-0.931 


15 




15 


0.926 


15 




25 


0.917-0.918 


25 




15 


0.913-0.915 


15 




15 


0.930-0.938 


15 




15 


0.913-0.918 


15 




20 


0.91268 


4 




15 


0.918 


15 




15 


0.878 


15 




15 


0.914-0.919 


15 




15 
15 


0.94 





* C. A. Mitchell, "International Critical Tables," vol. 3, p. 201, McGraw-Hill Book Company, Inc., 
New York, 1928. 
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2n-6. Volume of Liquids as a Function of Pressure and Temperature. Introduc- 
tion. When pressure is applied to a confined liquid, the volume of the liquid decreases. 
In the following tables the volumes of several representative liquids are listed at a 
number of pressures and temperatures. These data were all determined by experi- 
mental measurement. The range of pressures is from 1 to 50,000 atm (or to the freez- 
ing point). The range of temperatures is from to 200°C (in a few cases there are 
points outside this range) . In addition a compilation of many other liquids for which 
high-pressure data are available is given with references. 

In the tables the volume as a function of pressure and temperature is expressed in 
one of three ways: 

1. Specific volume at a pressure and temperature. Units, ml/g. 

2. Relative volume v/v , where v is the volume at the particular pressure and tem- 
perature and #o is the volume in the reference state (usually 0°C and 760 mm). 

3. The change in volume of a given mass of liquid from a reference pressure of 
5,000 kg /cm 2 along each experimental isotherm. All the data in the very-high- 
pressure range (5,000 to 50,000 kg /cm 2 ) are expressed in this way. 

Several thermodynamically important parameters can be derived from these data. 
The isothermal instantaneous compressibility is defined by 



v \dpji 



(2n-5) 



A good approximation of this quantity can be obtained from the shape of the isotherms. 
The coefficient of instantaneous cubical expansion is defined by 



»-!(£), 



This quantity can also be derived from the experimental data. The second derivative 
of the volume with respect to the temperature d 2 v/dT 2 is an especially important 
parameter in the theory of liquids. Other quantities which can be derived from the 
data are the work of compression and the pressure coefficient. The work of com- 
pression is given by 

w= -l p (£)T dp (2n - 7) 

The pressure coefficient is the ratio of the thermal expansion to the isothermal com- 
pressibility: 

(Bv/dT) P 

WTWt ( ' } 

2n-7. Experimental Methods for Studying Compressibility of Liquids. A thorough 
description of the techniques employed in the experimental determination of the 
volume of liquids as a function of pressure and temperature is given by P. W. Bridg- 
man in his text. 1 Even more extensive details are given in his original publications. 
The sylphon method, which was used in the pressure range 1 to 12,000 atm, is described 
in Prop. Am. Acad. Arts Sci. 66, 185 (1931). The differential method, wjiich was used 
in the pressure range 5,000 to 50,000 atm, is described in Proc. Am. Acad. Arts Sci. 
74, 21 (1940); and 74, 399 (1942). 

1 P. W. Bridgman, "The Physics of High Pressure," George Bell & Sons, Ltd., London, 
1952; Rev. Modern Phys. 18, 1 (1946). 
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2n-8. General Features of the Behavior of Liquids under Pressure 1 

1. Mercury is the least compressible of all the liquids (in range —30 to 200°C). In 
the nonmetallic group glycerin is the least compressible liquid. 

2. At pressures above 10,000 atm, the relative volume change for all liquids is about 
the same. 

3. The melting curve appears to exist up to the highest pressures experimentally 
obtainable with no indication of either a critical point or a maximum. However, at 
very high pressures, the viscosity of some liquids becomes so large that internal 
changes take place infinitely slowly and a subcooling phenomenon appears. 

4. The difference in volume between the solid and the liquid phase tends to decrease 
with increasing pressure but does not tend to become zero at any finite pressure. 

5. Differences in specific volumes among isomers (i.e., compounds having the same 
chemical formula but different structural formulas) tend to disappear at around 
12,000 atm. 

6. The sign of (d 2 v/dT 2 ) p changes from plus to minus with increasing temperature 
at constant pressure at pressures above about 3,000 to 4,000 atm. 

7. The quantity (dp/dT) v is not a function of volume alone. 

Table 2n-12. Volume of Pube Air-fkee H 2 as a Function of 
Pressure and Temperature 



Temp, range 



-20 to 100°C;* pressure range 1-12,000 kg/cm 2 ; specific volume 
in ml/g 



kg /cm 2 


-20°C 


-15°C 


-10°C 


-5°C 


0°C 


20°C 


40°C 


60°C 


80°C 


100°C 


1 










1.0001 
0.9770 
0.9576 
0.9409 
0.9261 
0.9132 
0.9015 
0.8909 
0.8812 
0.8639 
0.8489 


1.0018 
0.9819 
0.9632 
0.9476 
0.9328 
0.9199 
0.9084 
0.8984 
0.8888 
0.8709 
0.8565 


1.0079 
0.9880 
0.9706 
0.9550 
0.9408 
0.9282 
0.9167 
0.9062 
0.8966 
0.8796 
0.8645 
0.8515 
0.8396 
0.8287 
0.8186 
0.8090 
0.8006 


1.0171 
0.9959 
0.9786 
0.9632 
0.9492 
0.9365 
0.9020 
0.7912 
0.9044 
0.8874 
0.8721 
0.8586 
0.8564 
0.8354 
0.8252 
0.8157 
0.8070 


1 .0284 
1.0063 
0.9883 
0.9724 
0.9582 
4.9453 
9.9334 
0.9225 
0.9126 
0.8949 
0.8794 
0.8659 
0.8534 
0.8422 
0.8318 
0.8222 
0.8134 


1 0435 


500 










1 0183 


1,000 








0.9566 
0.9394 
0.9246 
0.9116 
0.9000 
0.8892 
0.8794 
0.8622 


9993 


1,500 
2,000 
2,500 
3,000 
3,500 
4,000 
5,000 
6,000 


0.9203 
0.9061 


0.9370 
0.9214 
0.9080 
0.8959 
0.8851 


0.9380 
0.9228 
0.9097 
0.8977 
0.8871 
0.8771 
0.8596 


0.9826 
0.9679 
0.9545 
0.9424 
0.9312 
0.9208 
0.9028 
8871 


7,000 










0.8731 


8,000 














8604 


9,000 














8490 


10,000 














8385 


11,000 














8385 


12,000 














8199 
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Table 2n-12. Volume op Pure Air-free H 2 as a Function of 
Pressure and Temperature (Continued) 

Temp, range 25-175°C;f pressure range 5,000-36,560 
kg/cm 2 ; Av in cm 2 /1.000 g from 5,000 kg/cm 2 



p, kg/cm 2 


25°C 


75°C 


125°C 


175°C 


5,000 


0.000 


0.000 


0.000 


0.000 


9,800 


0.057 








10,000 




0.063 


0.066 


0.070 


15,000 


Ice VI 


0.105 


0.112 


0.120 


20,000 




0.136 


0.146 


0.157 


21,430 




0.144 






25,000 






0.173 


0.185 


28,140 




Ice VII 


0.186 




30,000 








0.207 


35,000 






Ice VII 


0.226 


36,560 








0.231 
Ice VII 



Temp, range 0-360°C 


,t pressure range 1- 


350 atm; 


specific volume in ml/g 


p, atm 


0°C 


20°C 


40°C 


60°C 


80°C 


100°C 


120°C 


140°C 


1 


1.0002 


1.0020 


1.0079 


1.0170 


1.0289 


1.0434 






25 


0.9991 


1.0009 


1.0068 


1.0159 


1.0277 


1.0421 


1.0590 


1.0785 


50 


0.9980 


0.9998 


1.0057 


1.0147 


1.0265 


1.0408 


1.0576 


1.0769 


75 


0.9968 


0.9987 


1.0046 


1.0136 


1.0253 


1.0396 


1.0562 


1.0754 


100 


0.9957 


0.9976 


1.0034 


1.0124 


1.0241 


1.0383 


1.0548 


1.0738 


125 


0.9946 


0.9965 


1.0024 


1.0113 


1.0230 


1.0370 


1.0535 


1.0723 


150 


0.9935 


0.9955 


1.0013 


1.0102 


1.0218 


1.0358 


1.0521 


1.0708 


175 


0.9935 


0.9944 


1.0002 


1.0091 


1.0207 


1.0346 


1.0508 


1.0694 


200 


0.9914 


0.9934 


0.9992 


1.0080 


1.0195 


1.0334 


1.0495 


1.0679 


250 


0.9893 


0.9913 


0.9971 


1.0059 


1.0173 


1.0310 


1.0469 


1.0650 


300 


0.9873 


0.9893 


0.9950 


1.0038 


1.0151 


1.0286 


1.0444 


1.0622 


350 


0.9853 


0.9873 


0.9930 


1.0017 


1.0129 


1.0264 


1.0419 


1.0595 


p, atm 


160°C 


180°C 


200°C 


220°C 


240°C 


260°C 


280°C 


300°C 


320°C 


1 
25 


1.1007 


1 . 1262 


1.1155 


1. 


1897 














50 


1.0989 


1 . 1241 


1 . 1530 


1. 


1866 


1.2 


5264 


1.2747 


1.3285 






75 


1.0972 


1 . 1221 


1 . 1506 


1. 


1836 


1.2 


5225 


1.2694 


1.3213 






100 


1.0954 


1 . 1200 


1.1482 


1. 


1806 


1.2 


5187 


1.2644 


1.3146 


1.3965 




125 


1.0937 


1.1181 


1.1458 


1. 


1778 


1.2 


5150 


1.2596 


1.3082 


1.3860 


1.4882 


150 


1.0920 


1.1161 


1 . 1435 


1. 


1749 


1.2 


5115 


1.2549 


1.3020 


1.3764 


1.4712 


175 


1.0904 


1.1142 


1.1412 


1. 


1722 


1.2 


5080 


1.2505 


1.2962 


1.3675 


1.4563 


200 


1.0887 


1.1123 


1.1390 


1. 


1694 


1.2 


5047 


1.2461 


1.2962 


1.3591 


1.4428 


250 


1.0855 


1 . 1086 


1 . 1346 


1. 


1642 


U 


982 


1.2379 


1.2854 


1.3438 


1.4192 


300 


1.0824 


1 . 1050 


1 . 1304 


1. 


1592 


1.1 


921 


1.2302 


1.2754 


1.3303 


1.3992 


350 


1.0793 


1.1015 


1.1263 


1. 


1544 


1J 


862 


1.22301 1.2662 


1.3181 


1.3816 
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Table 2n-12. Volume of Pube Aib-fbee H 2 as a Function of 
Pbessube and Tempebatube (Continued) 

Temp, range 0-360°C;f pressure range 1-350 atm; specific volume in ml/g 



p f atm 


340°C 


360°C 


1 






150 


1.6287 




175 


1,5943 




200 


1.5671 


1.8140 


250 


1.5243 


1.6905 


300 


1.4908 


1.6232 


350 


1.4631 


1.5758 



* N. F. Dorsey, "Properties of Ordinary Water Substance," Reinhold Publishing Corporation, New 
York, 1948. Based on data of P. W. Bridgman, J. Chem. Phys. 3, 597 (1936). See Dorsey for a further 
discussion of the factors involved in the interpretation of these data. 

t P. W. Bridgman, Proc. Am. Acad. Arts. Set. 74, 419 (1942). These data were taken directly from 
the original publication. 

% L. B. Smith and F. G. Keyes, Proc. Am. Acad. Arts Set. 69, 285 (1934). See Dorsey for a comment 
on these data. 

Table 2n-13. Volume of 99.9% D 2 as a Function of Pbessube 
and Tempebatube* 



Temp, range —20 to 100°C; pressure range 1-12,000 kg/cm 2 ; specific volume 

in ml/g 



Pi 

kg /cm 2 


-20°C 


-15°C 


-10°C 


-5°C 


0°C 


20°C 


40°C 


60°C 


80°C 


100°C 


1 










0.9048 
0.8833 
0.8652 
0.8495 
0.8359 
0.8239 
0.8132 
0.8036 
0.7946 
0.7789 
0.7665 


0.9049 
0.8857 
0.8690 
0.8543 
0.8415 
0.8298 
0.8194 
0.8096 
0.8009 
0.7854 
0.7722 
0.7597 
0.7490 
0.7391 


0.9087 
0.8905 
0.8744 
0.8605 
0.8479 
0.8365 
0.8260 
0.8165 
0.8078 
0.7924 
0.7787 
0.7668 
0.7559 
0.7461 
0.7373 
0.7293 
0.7216 


0.9169 
0.8979 
0.8820 
0,8680 
0.8553 
0.8440 
0.8335 
0.8240 
0.8153 
0.7996 
0.7860 
0.7736 
0.7625 
0.7526 
0.7432 
0.7348 
0.7271 


0.9272 
0.9074 
0.8912 
0.8769 
0.8639 
0.8521 
0.8413 
0.8317 
0.8227 
0.8064 
0.7926 
0.7801 
0.7690 
0.7588 
0.7493 
0.7407 
0.7328 




500 










0.9187 


1,000 








0.8642 
0.8485 
0.8344 
0.8222 
0.8116 
0.8019 
0.7928 
0.7772 


0.90M 


1,500 
2,000 
2,500 
3,000 
3,500 
4,000 
5,000 
6,000 


0.8178 
0.8066 


0.8318 
0.8193 
0.8082 
0.7982 
0.7892 


0.8475 
0.8331 
0.8208 
0.8099 
0.8001 
0.7910 


0.8864 
0.8731 
0.8613 
0.8502 
0.8400 
0.8305 
0.8143 
0.8000 


7,000 

8,000 

9,000 

10,000 










0.7870 












0.7755 












0.7653 












0.7558 


11,000 














0.7470 


12,000 














0.7393 



















* P. W. Bridgman, J. Chem. Phys. 3, 597 (1936); These values were calculated from the original 
data assuming a molecular weight of 20.028 (chemical scale) for D 2 0. 
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Table 2n-14. Volume of Mercury as a Function of Pressure 
and Temperature 



Temp, range —30 to 20°C;* pressure range 1-12,000 atm; specific volume in ml/g 



p, atm 


-30°C 


-20°C 


-10°C 


0°C 


10°C 


20°C 


1 


0.073155 


0.073288 


0.073421 


0.073554 


0.073687 


0.073820 


1,000 


0.072888 


0.073016 


0.073143 


0.073270 


0.073397 


0.073524 


2,000 


0.072626 


0.072748 


0.072871 


0,072993 


0.073115 


0.073237 


3,000 




0.072487 


0.072605 


0.072724 


0.072842 


0.072961 


4,000 




0.072233 


0.072348 


0.072463 


0.072579 


0.072696 


5,000 






0.072101 


0.072213 


0.072372 


0.072440 


6,000 






0.071863 


0.071973 


0.072085 


0.072196 


7,000 








0.071744 


0,071853 


0.071962 


8,000 










0,071632 


0.071740 


9,000 










0,071422 


0.071528 


10,000 










0.071223 


0.071328 


11,000 












0.071140 


12,000 












0.070962 





Temp, range 30-300°C;t pressure range 1- 


-350 atm 




p, atm 


30°C 


100°C 


150°C 


200°C 


250°C 


300°C 


1-50 


3.873 X 10-« 


4.259 X 10"« 


4.518 X 10-« 


4.879 X 10-« 


5.551 X 10-» 


6.970 X 10-« 


1-100 


3.859 


4.231 


4.480 


4.835 


5.461 


6.413 


1-150 


3.850 


4.208 


4.447 


4.798 


5.375 


6; 004 


1-200 


3.843 


4.188 


4.417 


4.762 


5.292 


5.757 


1-250 


3.834 


4.165 


4.384 


4.724 


5.206 


5.608 


1-300 


3.823 


4.140 


4.348 


4.683 


5.117 


5.520 


1-350 


3.809 


4.112 


4.311 


4.641 


5.026 


5.422 



* P. W. Bridgman, Proc. Am. Acad. Arts Set. 47, 345 (1911). These values were calculated from the 
original data assuming the density of mercury at 0°C and 760 mm to be 13.5955 g/ml. 

t L. B. Smith and F. G. Keyes, Proc. Am. Acad. Arts Sci. 69, 313 (1934), The mean compressibility 
coefficient (l/v)(A»/Ap). These data were obtained from the study of the dilation of a nickel container 
under pressure from compressed mercury. 
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Table 2n-15. Volume of Methyl Alcohol (CH 3 OH) as a Function of 

Pressure and Temperature 

The Relative Volumes in Terms of the Volume at 0°C and 760 mm* 



Temp, range 20-80°C; pressure range 1-12,000 atm; v/v ; v = volume at (p,t); 
Vo = volume at 0°C and 760 mm 



p, atm 


20°C 


40°C 


60°C 


80°C 


1 


1.0238 


1.0483 


1.0737 


1 . 1005 


500 


0.9811 


0.9987 


1.0182 


1.0400 


1,000 


0.9494 


0.9651 


0.9808 


0.9993 


1,500 


0.9256 


0.9393 


0.9526 


0.9672 


2,000 


0.9064 


0.9189 


0.9306 


0.9429 


2,500 


0.8906 


0.9019 


0.9124 


0.9231 


3,000 


0.8763 


0.8870 


0.8966 


0.9065 


3,500 


0.8636 


0.8733 


0.8824 


0.8915 


4,000 


0.8523 


0.8613 


0.8700 


0.8782 


4,500 


0.8420 


0.8505 


0.8587 


0.8663 


5,000 


0.8325 


0.8407 


0.8487 


0.8559 


6,000 


0.8163 


0.8240 


0.8314 


0.8381 


7,000 


0.8023 


0.8099 


0.8163 


0.8231 


8,000 


0.7907 


0.7973 


0.8039 


0.8102 


9,000 


0.7797 


0.7859 


0.7920 


0.7981 


10,000 


0.7696 


0.7756 


0.7816 


0.7875 


11,000 


0.7605 


0.7664 


0.7728 


0.7785 


12,000 


0.7527 


0.7587 


0.7652 


0.7709 



The Change in Volume in cm 3 per 0.792 g from a Reference Pressure of 5,000 kg/cm 2 
along Each Isotherm f 

Temp, range 25-175°C; pressure range 5,000-50,000 kg/cm 2 ; Av in cm 3 /0.792 g 



p, kg /cm 2 


25°C 


75°C 


125°C 


175°C 


5,000 


0.000 


0.000 


0.000 


0.000 


10,000 


0.062 


0.066 


0.073 


0.082 


15,000 


0.099 


0.106 


0.117 


0.128 


20,000 


0.125 


0.135 


0.139 


0.161 


25,000 


0.145 


0.157 


0.174 


0.187 


30,000 


0.161J 


0.173 


0.194 


0.208 


35,000 


0.173 


0.187 


0.210 


0.226 


40,000 


0.183 


0.198 


0.223 


0.240 


45,000 


0.191 


0.208 


0.234 


0.253 


50,000 


0.199 


0.218 







* P. W. Bridgman, "International Critical Tables," vol. 3, p. 41, McGraw-Hill Book Company, Inc., 
New York, 1928. 

t P. W. Bridgman, Proc. Am. Acad. Arts Set. 74, 403 (1942). 
% Displays subcooling at higher pressures. 
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Table 2n-16. Volume of Ethyl Alcohol (C 2 H 5 OH) as a Function op 

Pressure and Temperature 

The Relative Volumes in Terms of the Volume at 0°C and 760 mm* 



Temp, range 20-80°C; pressure range 1-12,000 atm; v/v ; v = volume at (p,0; 
vo = volume at 0°C and 760 mm 



p, atm 


20°C 


40°C 


60°C 


80°C 


1 


1.0212 


1.0438 


1.0679 


1.0934 


500 


9782 


0.9943 


1.0121 


1.0319 


1 ,000 


0.9479 


0.9608 


0.9760 


0.9922 


1,500 


0.9247 


0.9358 


0.9482 


0.9615 


2,000 


0.9059 


0.9159 


0.9266 


0.9280 


2,500 


0.8899 


0.8991 


0.9088 


0.9187 


3,000 


0.8760 


0.8848 


0.8935 


0.9025 


3,500 


0.8634 


0.8718 


0.8800 


0.8884 


4,000 


0.8517 


0.8599 


0.8678 


0.8756 


4,500 


0.8410 


0.8491 


0.8567 


0.8640 


5,000 


0.8314 


0.8394 


0.8467 


0.8536 


6,000 


0.8149 


0.8225 


0.8291 


0.8354 


7,000 


0.8009 


0.8080 


0.8139 


0.8196 


8,000 


0.7888 


0.7953 


0.8005 


0.8060 


9,000 


0.7776 


0.7836 


0.7884 


0.7940 


10,000 


0.7671 


0.7726 


0.7776 


0.7830 


11,000 


0.7574 


0.7626 


0.7682 


0.7734 


12,000 


0.7485 


0.7535 


0.7600 


0.7648 



The Change in Volume in cm 3 per 0.789 g from a Reference Pressure of 5,000 kg/cm 2 

along Each Isotherm f 



Temp, range 25-175°C; pressure range 5,000 kg/cm 2 to 45,000 kg/cm 2 ; At; in cm* 

per 0.789 g 



p, kg /cm 2 


25°C 


75°C 


125°C 


175°C 


5,000 


0.000 


0.000 


0.000 


0.000 


10,000 


0.063 


0.069 


0.071 


0.076 


15,000 


0.100 


0.109 


0.113 


0.119 


20,000 


0.128J 


0.137 


0.144 


0.151 


25,000 




0.159 


0.168 


0.175 


28,700 




0.174J 






30,000 






0.187 


0.195 


35,000 






0.203 


0.211 


40,000 






0.217 


0.225 


45,000 






0.230 


0.238 



* P. W. Bridgman, "International Critical Tables," vol. 3, p. 41, McGraw-Hill Book Company, Inc. 
New York, 1928. 

t P. W. Bridgman, Proc. Am. Acad. Arts. Set. 74, 399 (1942). 
X Solid below this. 
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Table 2n-17. Volume op Acetone (CH3COCH3) as a Function of 

Pressure and Temperature* 

The Relative Volumes in Terms of the Volume at 0°C and 760 mm 



Temp, range 20-80°C; pressure range 1-12,000 atm; v/v ; v = volume at (p,t); 
Vo = volume at 0°C and 760 mm 



p, atm 


20°C 


40°C 


60°C 


80°C 


1 


1.0279 


1.0585 


1.0925 




500 


0.9819 


1.0032 


1.0282 




1,000 


0.9526 


0.9706 


0.9894 


1 .0082 


1,500 


0.9286 


0.9441 


0.9594 


0.9736 


2,000 


0.9076 


9217 


0.9347 


0.9467 


2,500 


0.8900 


0.9028 


0.9141 


0.9253 


3,000 


0.8748 


0.8868 


0.8968 


0:9073 


3 ,500 


0.8619 


0.8729 


0.8821 


0.8920 


4,000 


0.8504 


0.8607 


0.8694 


0.8786 


4,500 


0.8402 


0.8498 


0.8583 


0.8666 


5,000 


0.8309 


0.8398 


0.8482 


0.8558 


6/000 


0.8143 


0.8225 


0.8306 


0.8370 


7,000 


0.7997 


0.8072 


0.8148 


0.8209 


8,000 


0.7866 


0.7935 


0.8003 


0.8066 


9,000 




0.7815 


0.7876 


0.7939 


10,000 




0.7707 


0.7764 


0.7821 


11,000 


Freezes 


7607 


0.7665 


0.7715 


12,000 




0.7515 


0.7577 


0.7617 



*P. W. Bridgman, 
New York, 1928. 



'International Critical Tables," vol. 3, p. 42, McGraw-Hill Book Company, Inc.' 



Table 2n-l 8. Volume of Benzene (C 6 H 6 ) as a Function of Pressure 

and Temperature* 



Pressure range 1-3,500 kg/cm 2 ; v/v ; v = volume at (p,t); v = volume at 

0°C and 760 mm 



p, kg/cm 2 


50°C 


95°C 





1.0630 


1.1295 


500 


1.0160 




1,000 


0.9841 


1.0201 


1,500 


0.9591 


0.9916 


2,000 




0.9684 


2,500 




0.9494 


3,000 




0.9325 


3,500 




0.9177 



* P. W. Bridgman, Proc. Am. Acad. Arts. Sci. 66, 210 (1931). 
P. W. Bridgman, Phys. Rev. 3, 171 (1914). 



Phase diagram of benzene given in 
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Table 2n-19. Volume of Carbon Bisulfide (CS*) as a Function of 

Pressure and Temperature 

The Relative Volumes in Terms of the Volume at 0°C and 760 mm* 

Temp, range 20-80°C; pressure range 1-12,000 atm; v/vq) v = volume at (p,t)-, 
Vq = volume at 0°C and 760 mm 



p, atm 


20°C 


40°C 


60°C 


80°C 


1 


1.0235 


1.0490 


1.0774 


1 . 1092 


500 


0.9854 


1.0051 


1 .0243 


1.0458 


1,000 


0.9567 


0.9734 


0.9887 


1.0061 


1,500 


0.9338 


0.9483 


0.9615 


0.9762 


2,000 


9151 


0.9277 


0.9397 


0.9592 


2,500 


0.8994 


0.9105 


0.9215 


0.9327 


3,000 


0.8852 


0.8953 


0.9055 


0.9154 


3,500 


0.8730 


0.8820 


0.8916 


0.9003 


4,000 


0.8620 


0.8702 


0.8790 


0.8870 


4,500 


0.8521 


0.8596 


0.8679 


0.8754 


5,000 


0.8429 


0.8501 


0.8578 


0.8649 


6,000 


0.8265 


0.8337 


0.8405 


0.8468 


7,000 


0.8119 


0.8196 


0.8258 


0.8316 


8,000 


0.7990 


0.8070 


0.8130 


0.8188 


9,000 


0.7875 


0.7954 


0.8014 


0.8071 


10,000 


0.7774 


0.7844 


0.7906 


0.7962 


11,000 


0.7686 


0.7741 


0.7802 


0.7857 


12,000 


0.7609 


0.7646 


0.7706 


0.7758 



The Change in Volume in cm 3 per 1.261 g from a Reference Pressure of 5,000 kg/cm 2 

along Each Isotherm f 

Temp, range 25-175°C; pressure range 5,000-30,000 kg/cm 2 ; Av in cm 3 per 1.261 g 



p, kg/cm 2 


25°C 


75°C 


125°C 


175°C 


5,000 


0.000 


0.000 


0.000 


0.000 


10,000 


0.063 


0.068 


0.073 


0.078 


12,600 


0.086 J 








15,000 




0.110 


0.118 


0.126 


18,300 




0.131J 






20,000 






0.148 


0.159 


24,400 






0.170J 




25,000 








0.184 


30,000 








0.204 


30,700 








0.206t 



* P. W. Bridgman, "International Critical Tables," vol. 3, p. 41, McGraw-Hill Book Company, Inc., 
New York, 1928. 

t P. W. Bridgman, Proc. Am. Acad. Arts. Sci. 74, 415 (1941). 
t Solid below this. 
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Table 2n-20. Volume of Carbon Tetrachloride (CC1 4 ) as a Function of 

Pressure and Temperature* 

The Relative Volumes in Terms of the Volume at 50°C and 760 mm Pressure 

Pressure range 1-3,500 kg/cm 2 ; v/v Q ; v = volume at (p,0; *>o = volume at 50°C and 

760 mm 



p, kg/cm 2 


50°C 


95°C 





1.000 




500 


0.9519 


0.9928 


1,000 


0.9192 


0.9540 


1,500 


0.8962 


0.9362 


2,000 




0.9049 


2,500 




0.8872 


3,000 




0.8762 


3,500 




0.8603 



* P. W. Bridgman, Proc. Am. Acad. Arts Sci. 66, 212 (1931). 



Table 2n-21. Volume of Chloroform (CHC1 3 ) as a Function of 

Pressure and Temperature* 

The Change in Volume in cm 3 per 1.489 g from a Reference Pressure of 5,000 

kg/cm 2 along Each Isotherm 

Temp, range 25-175°C; pressure range 5,000-18,400 kg/cm 2 ; A v in cm 3 per 
1,489 g from a reference pressure of 5,000 kg/cm 2 



p, kg/cm 2 


25°C 


75°C 


125°C 


175°C 


5,000 


0.000 


0.000 


0.000 


0.000 


6,200 


0.016t 








10,000 




0.067f 


0.073 


0.079 


14,000 






0.109f 




15,000 








0.124 


18,400 








0.148f 



* P. W. Bridgman, Proc. Am. Acad. Arts Sci. 74, 413 (1941). 
t Solid below this. 
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Table 2n-22. Volume of Etheb ((C 2 H 5 ) 2 0) as a Function of Pressure 

and Temperature* 
The Relative Volumes in Terms of the Volume at 0°C and 760 mm 



Temp, range 20-80°C, pressure range 1-12,000 atm; v/v ; v = volume at (p,t); 
vo = volume at 0°C and 760 mm 



p, atm 


20°C 


40°C 


60°C 


80°C 


1 


1.0315 


1.0669 






500 


0.9668 


0.9884 


1.0123 


1.0369 


1,000 


0.9337 


0.9498 


0.9683 


0.9874 


1,500 


0.9070 


0.9195 


0.9336 


0.9484 


2,000 


0.8850 


0.8952 


0.9069 


0.9189 


2,500 


0.8663 


0.8756 


0.8860 


0.8962 


3,000 


0.8503 


0.8594 


0.8688 


0.8776 


4,000 


0.8246 


0.8329 


0.8407 


0.8481 


5,000 


0.8044 


0.8121 


0.8189 


0.8252 


6,000 


0.7883 


0.7953 


0.8017 


0.8070 


7,000 


0.7743 


0.7806 


0.7865 


0.7917 


8,000 


0.7613 


0.7670 


0.7725 


0.7779 


9,000 


0.7492 


0.7545 


0.7597 


0.7652 


10,000 


0.7380 


0.7431 


0.7482 


0.7535 


11,000 


0.7275 


0.7325 


0.7377 


0.7427 


12,000 


0.7178 


0.7225 


0.8280 


0.7326 



* P. W. Bndgman, "International Critical Tables," vol. 3, p. 41, McGraw-Hill Book Company Inc 
New York, 1928. Additional data on ether are reported in the same temperature and pressure ranee 
by Bndgman Proc. Am. Acad. Arts Sci. 66, 218 (1931). These data were obtained by a method dif- 
ferent from that above. 

Table 2n-23. Volume of Glycerin (CH 2 OHCHOHCH 2 OH) as a Function 

of Pressure and Temperature* 

The Relative Volumes in Terms of the Volume at 0°C and 760 mm 



Temp, range 0-95°C; pressure range 1-12,000 kg/cm 2 ; v/v ; v = volume at (p,t); 
vo = volume at 0°C and 760 mm 



p t kg/cm 2 


o°c 


50°C 


95°C 


1 


1.000 


1.0266 




500 


0.9900 


1.0136 




1,000 


0.9806 


1.0025 


1.0240 


1,500 


0.9721 


0.9930 


1.0125 


2,000 


0.9641 


0.9843 


1.0024 


3,000 


0.9501 


0.9688 


0.9853 


4,000 


0.9373 


0.9548 


0.9700 


5,000 


0.9264 


0.9423 


0.9565 


6,000 


0.9157 


0.9310 


0.9447 


7,000 


0.9057 


0.9211 


0.9342 


8,000 


0.8958 


0.9121 


0.9244 


9,000 


0.8867 


0.9036 


0.9152 


10,000 


0.8783 


0.8955 


0.9070 


11,000 


0.8712 


0.8879 


0.8994 


12,000 




0.8648 


0.8800 


0.8925 



*P. W. Bridgman, Proc. Am, Acad. Arts Set. 67, 10 (1932). 
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Table 2n-24. Isothermal Compressibility of Sulfuric and Nitric Acids* 

Mean compressibility coefficient = — - ( — — ) 

Vl \P2 — Pi/ 



Substance 


t, °C 


Pi, ?>2, atm 





Sulfuric acid 


12.6 



1, 161 
1, 32 


~33 


Nitric acid 


~35 







*L. Decombe and J. Decombe, "International Critical Tables," vol. 3, p. 35, McGraw-Hill Book 
Company, Inc., New York, 1928. 

Table 2n-25. Isothermal Compressibility of Liquefied Gases* 



Pressure range 1-14,500 atm; mean compressibility coefficient fi = 



10^ 

Vi 



/ Vi - v% \ 
\V'i ~ Vi) 



Substance 



Bromine 

Carbon dioxide. 

Chlorine 

Helium 

Hydrogen 

Nitrogen ... 



*, °C 



20 


20 
-271.6 
-260 
-205 



p h p 2f atm 



100, 200 
95. 

100, 200 
1, 14,500 
1, 14,500 
1, 14,500 







—57 
430f 
108J 
>38 
>31 
>15 



! (£)r 



*L. Decombe and J. Decombe, "International Critical Tables," vol. 3, p. 35, McGraw-Hill Book 
Company, Inc., New York, 1928. 

10« 
t Instantaneous compressibility coefficient = 

% Estimated value. 

2n-9. References to Compressibility Data for Other Substances 

Reference: P. W. Bridgman, Proc. Am. Acad. Arts Set. 67, 6 (1932) 

Pressure range: to 12,000 kg/cm 2 

Substances: 



Ethylene glycol 

Trimethylene glycol 

Propylene glycol 

Diethylene glycol 

Tri-o-cresyl phosphate 

Tri-acetin 

Ethyl dibenzyl malonate 



Methyl oleate 

Tri-caproin 

w-Butyl phthalate 

Eugenol 

Isooctane (2,2,4 tri-methyl pentane) 

Isoprene 



Reference: P. W. Bridgman, Proc. Am. Acad. Arts Set. 66, 198 (1931) 
Pressure range: to 12,000 kg/cm 2 



Substances: 



Normal pentane 
Isopentane 
2-Methyl pentane 
3-Methyl pentane 
2-2-Dimethyl butane 
2-3-Dimethyl butane 
Normal Heptane 
Normal Octane 
Normal Decane 



Chlorobenzene 
Bromobenzene 
Bromoform 
Isopropyl alcohol 
Normal-butyl alcohol 
Normal-hexyl alcohol 
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Reference: P. W. Bridginan, Proc. Am. Acad. Arts Set. 68, 1 (1933) 

Pressure range: to 12,000 kg/cm 2 

Substances: 

Triethanolamine Normal-amyl bromide 

Normal-propyl chloride Normal-amyl iodide 

Normal-propyl bromide Octanol-3 

Normal-propyl iodide 2-methyl heptanol-3 

Normal-butyl chloride 2-methyl heptanol-5 

Normal-butyl bromide 2-methyl heptanol-1 

Normal-butyl iodide 3-methyl heptanol-4 
Normal-amyl chloride 

Reference: P. W. Bridgman, Proc. Am. Acad. Arts Sci. 74, 403 (1942) 

Pressure range: 5,000 kg/cm 2 to 50,000 kg/cm 2 

Substances: 

Normal-propyl alcohol Chloroform 

Isopropyl alcohol Chlorobenzene 

Normal-butyl alcohol Methylene chloride 

Normal-amyl alcohol Ethylene bromide 

Ethyl bromide Cyclohexane 

Normal-propyl bromide Methyl cyclohexane 

Normal-butyl bromide p-Xylene 

Ethyl acetate Benzene 
Normal-amyl ether 

Reference: P. W. Bridgman, "International Critical Tables/' vol. 3, p. 40, McGraw- 
Hill Book Company, Inc., New York, 1928. 
Pressure range: 1 to 12,000 atm 
Substances: 

Phosphorous trichloride 
Ethyl iodide 
Ethyl chloride 
Isobutyl alcohol 

Reference: R. S. Jessup, Natl. Bur. Standards (U.S.) Research Paper 244, 1930. 
Pressure range: 1 to 50 kg/cm 2 
Temperature range, 0° to 300°C 
Substances: 14 petroleum oils 

Reference: F. R. Russell and H. C. Hottel, Ind. Eng. Chem. 30, 372 (1938) 
Pressure range: 1 to 400 kg/cm 2 . Max. temperature: 425°C 
Substance: Liquid naphthalene 

2n-10. Adiabatic and Isothermal Compressibilities of Liquids. The adiabatic com- 
pressibilities 0ad of a great many organic liquids at room temperature are available 
from measurements of the velocity of sound. 1 

eh (2n - 9) 

The isothermal compressibility /3 iao can be obtained from the adiabatic compressi- 
bility by the thermodynamic relation 

frso = £ad + ~ (2n-10) 

pc p 

in which a = thermal coefficient of volume expansion, T = Kelvin temperature, and 
c p = specific heat at constant pressure. 

1 G. L. Bergmann, " Der Ultraschall," 6th ed. f pp. 375ff., Stuttgart, 1954. 
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Table 2n-26. Adiabatic and Isothermal Compressibilities of Certain 

Organic Liquids 

All values in cm 2 /dyne at 20°C unless otherwise stated; data were obtained 

in fashion described in text 



Liquid 



Acetic acid 

Acetone. 

Aniline 

Benzene 

Carbon bisulfide ..... 
Carbon tetrachloride . 

Chlorobenzene 

Chloroform 

Cyclohexane 

Ether . 

Ethyl acetate 

Ethyl alcohol 

Ethylene chloride .... 

Heptane 

Methyl alcohol 

Nitrobenzene 

Toluene 



&d X IO12 



75 

90.6 

36 

65.8 

59.8 

72.8 

55 

67.8 

83 
140.6 

82 

94.1 

55 

111.4 
101.9 

40 

66.4 



0i.o X 10i2 



91 
125.6 

45 

95.4 

92.7 
105.8 

74 

100.7 
110 
186.8 
113 
111.3 

80 

143.9 
123.4 

49 

90.6 



Remarks 



t 

t 

t 
* 

t 

25°* 
t 

♦ 

t 

t 
t 

t 



* Data from "International Critical Tables," McGraw-Hill Book Company, Inc., New York, 1928. 
t Data from Tables annuelles de constantes et donnees numeriques, vol. IX. (Gauthier-Villars & Cie, 
Paris, and McGraw-Hill Book Company, Inc., New York, 1929.) 

Table 2n-27. Isothermal Compressibilities of Aqueous Solutions 
All values in cm 2 /dyne at 20°C unless otherwise stated 



Solution 



Ammonium nitrate. 



Calcium chloride . 



Hydrochloric acid. . 
Potassium chloride . 
Potassium nitrate . . 



Pure water 

Sodium sulfate . 



Concentration, 
% of solute 



11.50 
28.00 

4.095 
20.22 

7.15 
21.92 

2.51 
22.19 

6.25 
21.8 



2.55 
11.90 



&.O.X 10 12 



42.21 
36.90 

41.4 
31.2 

43.42 
40.58 

42.9 
32.8 

43.25 
35.90 

45.80 

43.60 
35.70 



Remarks 



30°C 



30°C 



All values are taken from Tables annuelles de constantes et donnees numeriques, vol. IX, 1929. 



2o. Viscosity of Liquids 

WLADIMIK PHILIPPOFF 

Franklin Institute 



The viscosity 17 of a liquid is defined as the ratio between the shearing stress in 
dynes/em 2 and the rate of shear in sec" 1 according to Newton's law. The unit is 
dynes • sec /cm 2 « 1 poise, and 0.01 poise = 1 centipoise (cp). One often uses the 
kinematic viscosity v = 17/p in stokes or 0.01 stokes = 1 cs, where p is the density in 
grams /cc. A practical unit is the Reyn; 1 Reyn in psi • sec = 69,000 poises. Some- 
times the reciprocal unit, the fluidity <f> « I/77 in Rhes is used. 

Viscosity is measured with a large variety of viscometers. Often the shearing stress 
is given by the hydrostatic head of the liquid itself; in this case the instruments 
measure v. Such an instrument is the technical Say bolt viscometer that measures the 
viscosity in seconds Saybolt Universal (SSU) or seconds Saybolt Furol (SSF). The 
relation between these units and cgs units is given in tables. 1 For the calibration of 
viscometers the calculation of the viscosity from the dimensions is difficult. The best 
standard is water, which has been rechecked recently. 2 In the calibration of capillary 
viscometers, the values have to be corrected for the kinetic energy of the emerging 
liquid. Faster flow causes turbulence. In a standardization of viscometers for higher 
viscosities, a calibration with higher-viscosity liquids such as the National Bureau of 
Standards (NBS) oils as secondary standards, listed in the tables below, can be used. 

Viscosity increases exponentially with hydrostatic pressure. Most complete tables 
are given in an ASME report (1953) for oils and P. W. Bridgman 3 for organic liquids. 
Also, viscosity depends strongly on temperature } generally, the higher the viscosity, 
the higher is the temperature dependence. Values for oils can usually be plotted as a 
straight line in the Refutas chart (ASTM chart) according to the empirical Walther 
equation log-log (*> + 0.8) = m log T, where v is in centistokes and T is the absolute 
temperature in °K. 

The viscosity of the usual oils is constant from the smallest rate of shear up to at 
least 10 6 sec" l . Solutions of high polymers or greases have viscosities that are strongly 
dependent on the applied shearing stress or rate of shear. The former can be con- 
sidered to be non-Newtonian liquids, which means that their viscosity changes from 
a high value at low rates of shear to a low value at high rates of shear. Greases have 
yield values below which no flow exists. 

The viscosity of solutions of polymers depends very strongly on the concentration 
of the solute, reaching enormous values for high concentrations. Empirical formulas 
are used to describe this in a wide range of variables. In describing the viscosity of a 
solution, the relative viscosity ri Tel is used. It is defined as viscosity of solution/ 
viscosity of solvent. Solutes are characterized by their "intrinsic viscosity," 

1 J. Inst. Petroleum Technol. 22, 21 (1936). 

2 By J. F. Swindells, J. R. Coe, Jr., and T. B. Godfrey, J. Research Natl. Bur. Standards 
48, 1 (1952). 

*Proc. Am. Acad. Arts Sci. 61, 57 (1926). 
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M — [(%ei — 1) /c] c _> o where c is the concentration in g/100-ml solution. This quantity 
is connected with the molecular weight or degree of polymerization of the polymer . 

The quoted values for the viscosity of organic compounds depend on their chemical 
purity. They must be regarded as reference values only, as in many cases the exact 
chemical purity is not stated. 

Table 2o-l contains values of the viscosity in centipoises of a series of well-known 
liquids as function of temperature in the range from -40 to 180°C. Superscripts refer 
to the accompanying bibliography. 

Table 2o-2. Secondary Standards of Viscosity. Approximate Viscosities 
of NBS Oils for Calibrating Viscometers 







Absolute, 


poises 




Kinematic, 


stokes 


Oil 
















20°C 


25°C 


37.78°C (100°F) 


20°C 


25°C 


37.78°C (100°F) 


D 


0.020 


0.018 


0.014 


0.026 


0.023 


0.019 


H 


0.074 


0.063 


0.044 


0.091 


0.078 


0.055 


I 


0.12 


0.10 


0.066 


0.14 


12 


0.081 


J 


0.21 


0.17 


0.11 


0.25 


0.21 


0.13 


K 


0.41 


0.32 


0.18 


0.48 


0.38 


0.22 


L 


1.0 


0.74 


0.37 


1.1 


0.84 


0.43 


M 


3.0 


2.1 


1.0 


3.4 


2.4 


1.1 


N 


14 


9.6 


4.0 


16 


11 


4.6 


OB 


330 


210 


62* 


380 


240 


70* 


P 


480 f 


200* 


95* 


540 f 


230* 


not 



These oils are not intended for use as permanent standards. They are not suitable for stockroom 
items and should be ordered only for immediate use in 1-lb samples. The exact viscosities are listed 
by the NBS for each sample. The National Bureau of Standards should be consulted about these oils. 

*40°C. 

t 30°C. 

t50°C. 



Table 2o-3. Secondary Standards of Viscosity. Approximate Viscosities 
of NBS Oils for Calibrating Saybolt Viscometers 



Oil 


Temp., °F 


Viscosity 


V, cs 


SB 

sc 

SF 


100 
130 
122 


300 SSU 
300 SSU 
170 SSF 


65 

65 

360 



These oils are not intended for use as permanent standards. They are not suitable for stockroom 
items and should be ordered only for immediate use in 1-lb samples. The exact viscosities are listed 
by the NBS for each sample. - The National Bureau of Standards should be consulted about these oils. 
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Table 2o-4. Viscosities of Industrial Oils and Lubricants 



Grade 


100°F 


210°F 


sus 


cs 


SUS 


cs 


Typical automotive crankcase lubri- 
cants (Mid-Continent crude):* 
SAE 10 . . 


165 
340 
550 
850 
1,200 

150 
300 
400 

175 
300 

1,617 
77.2 
125 


35.4 
73.5 

119 

184 

260 

32.1 
64.9 
86.6 

37.6 
64.9 

350 
15 
26.4 


44 
54 
64 

77 
94 

43 
51 

58 

48 
62 

651.2 
49.0 
42 


5.44 


SAE 20 


8.48 


SAE 30 


11.3 


SAE 40 


14.8 


SAE 50 


19.0 


Typical turbine oil characteristics 
(steam turbines) :f 
Light 


5.12 


Medium. 


7.60 


Heavy 


9.65 


Synthetic crankcase oil (polyalkylene 
glycol derivative — Prestone 
motor oil) J 
NO 200 


6.68 


NO 300 


10.8 


Silicone synthetic fluids:^ 

DC-200-350 


140 


DC-200-20 


7 


Light mineral hydraulic oil § 


4.82 







* "Physical Properties of Lubricants," American Society of Lubricating Engineers, 1951. 
t Forbes, Pope, and Everett, "Lubrication of Industrial and Marine Machinery," p. 211, John Wiley 
& Sons, Inc., New York, 1954. 

% Wilson, Synthetic Engine Lubs Found Economical, SAE J., October, 1947, p. 25. 
f Dow Corning Catalog. 
§ "Physical Properties of Materials," American Society of Lubricating Engineers, 1951. 

Table 2o-5. Aircraft-engine Lubricating-oil Specifications 
(Reciprocating) Government Specifications Mil-0-6082* 



Grade 


Temp., °F 


Viscosity, SUS 


Viscosity, cs 


65 (1065) 
80 (1080) 
100 (1100) 
120 (1120) 


210 
210 
210 
210 


62-68 

76-84 

93-103 

115-125 


10.8-12.4 
14.5-16.6 

18.8-21.2 
23.9-26.2 



Aircraft Gas-turbine Lubricating Oils — Typical Testsj 



AN-0-9 grade (1010) 


-40 


12,936 




AN-0-9 grade (1010) 


100 . 


59.4 


10.2 


AN-0-9 grade (1010) 


210 


34.5 


2.46 


AN-0-8 grade (1065) 


100 


530 


115 


AN-0-8 grade (1065) 


210 


67 


12.2 



* Forbes, Pope, and Everett, 
& Sons, Inc., New York, 1954. 
t Lubrication 34, 48 (April, 1948). 



Lubrication of Industrial and Marine Machinery," p. 134, John Wiley 
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Table 2o-6. Viscosity of Plasticizers and Other Organic Liquids at 
Room Temperature 



Dioctyl phthalate*. . 
Dibutyl phthalate f. . 
Diethyl phthalate J. . 
Dimethyl phthalate J 

Octyl alcohol* 

Tricresyl phosphate J 
Dioctyl adipatet- • 
Dioctyl sebacatet- . . 

* Carbide and Carbon Chemical Co. 
t Commercial Solvents Corp. 
t D. N. Buttrey, "Plasticizers." 



Temp., °C 


Viscosity, cp 


20 


81.4 


25 


15.8 


25 


10.0 


20 


17.1 


25 


7.07 


20 


106 


20 


12.9 


20 


17.9 



Table 2o-7. Viscosity of Mercury in Centipoises* 



-20°C 
1.855 



-10°C 
1.764 



0°C 
1.685 



10°C 
1.615 



20°C 
1.554 



30°C 
1.499 



40°C 
1.450 



50°C 
1.407 



60°C 
1.367 



80°C 
1.298 



100°C 
1.240 



* "Handbook of Chemistry and Physics," 37th ed., Chemical Rubber Publishing Company, Cleve- 
land, 1965. 
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2p-l. Tensile Strength. Historical and General. The maximum negative pressure 
(tensile strength) that a liquid can withstand has been the object of numerous investi- 
gations. Experimental values are quite discordant among themselves arid are 
generally much lower than the theoretical estimates. The tensile strength of a liquid, 
measured in a device known as a tonometer, is taken as that stress (negative pressure) 
under which the liquid ruptures. A point of concern has been the possibility that 
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rupture occurs at the wall of the container rather than in the body of the liquid and 
that therefore the observed negative pressure is a measure of adhesive force rather 
than of the assumed cohesive force. 

Table 2p-l. Tensile Strength of Liquids by Various Methods 





Max 


1 




Max 




Liquid and 


negative 


Ref. 


Liquid and 


negative 


Ref. 


method 


pressure, 
atm 




method 


pressure, 
atm 




Water: 






Ether: 






A-l* 


50-150 


1 


A-2 


72 


1 


A-lt 


157 


2 


B-l 


2.2 


1 


A-l* 


17-56 


3 


Mineral oil: 






A-l 


68 


4 


A-l 


119 


2 


A-2 


34 


1 


A-l If 


24 


2 


A-3 


17 


1 


A-4 


7.8 


7 


B-l 


1:5 


4 


B-l 


2.9 


1 


B-2 


2-0.5 


1 


Acetic acid, C-3 


288 


8 


B-3 


4 


1,8 


Benzene, C-3 


150 


8 


C-l 


4.8 


1 


Aniline, C-3 


300 


8 


C-l 


6.0 


5 


Carbon tetrachloride, C-3 


276 


8 


C-2 


5.6 


5 


Chloroform, C-3 


317 


8 


C-3 


277 


6 


Mercury, C-3 


425 


9 


Alcohol : 












A-2 


40 


1 








A-3 


17 


1 








B-l 


2.4 


1 








C-l 


7.9 


1 


1 







* Values reported prior to 1941. > 

t Tubes boiled for 8 hr to expel air. 

% Tubes filled by vacuum technique to eliminate air. 

^ Tube sealed by liquid frozen in capillary side arm. 

References for Table 2p-l 

1. Vincent, R. S.: Proc. Phys. Soc. 63, 141 (1941). 

2. Vincent, R. S., and G. H. Simmonds, Proc. Phys. Soc. 56, 376 (1943). 

3. Scott, A. F., D. P. Shoemaker, K. N. Tanner, and J. G. Wendel, /. Chem. Phys. 
16, 495 (1948). 

4. Scott, A. F., and G. M. Pound, J. Chem. Phys. 9, 726 (1941). 

5. Temperly, H. N. V., and L. G. Chambers, Proc. Phys. Soc. 58, 420 (1946). 
6* Briggs, Lyman J.: /. Appl. Phys. 21, 721 (1950). 

7. Vincent, R. S.: Proc. Phys. Soc. 55, 41 (1943). 

8. Briggs, Lyman J.: /. Chem. Phys. 19, 970 (1951). 

9. Briggs, Lyman J.: J. Appl. Phys. 24, 488 (1953). 

Methods of Measuring Tensile Strength. Brief descriptions of these methods are 
given below, arranged according to the means used to produce the stress in the liquid. 
Each method is given a code designation for identification in Table 2p-l . 

A. STRESS PRODUCED BY COOLING AND THUS CONTRACTING THE LIQUID : In Berthelot's 

method (A-l) the liquid, sealed in a thick-walled capillary tube, is first warmed until 
it just fills the tube and is then cooled until the liquid "breaks," The maximum 
negative pressure is calculated from the known mechanical properties of the liquid, 
assuming its extensibility to be the same as its compressibility. In Meyer's method 
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(A-2) a spiral glass capillary is part of the tonometer and indicates the pressure exerted 
by the liquid, which completely fills the vessel. Meyer calibrated his spiral manom- 
eters under both positive and reduced pressure. Worthington, in a single experiment 
(Al-3), measured the tension by means of a mercury-in-glass dilatometer, the bulb of 
which was enclosed within the tonometer. The calibration curve of the dilatometer, 
obtained previously by applying positive pressure, was extrapolated into the negative 
region. Vincent used a viscosity tonometer (A-4) in which the liquid completely filled 
a glass bulb and a fine capillary tube attached to it. By controlled cooling of the bulb, 
a gradually increasing tension is exerted on the liquid, measured at any time by the 
rate of flow through the capillary. The maximum tension can be calculated from the 
observed rates of flow before and after the liquid ruptures. 

B. STRESS PRODUCED BY EXPANDING THE VOLUME OF TONOMETER*. Vincent has 

described a new method (B-l) which employs a metal bellows completely filled with 
the liquid. Extension of the bellows exerts a pull on the contained liquid. An early 
method (B-2) involved the use of a long (2-m) tube closed at one end with a semi- 
permeable membrane. After being filled with air-free water the tube is inverted and 
the open end is placed in a mercury trough. Evaporation of the water through the 
membrane causes the mercury to rise in the tube. The tension is estimated from the 
length of the column in excess of normal barometric height. Hulett (1903), in con- 
nection with an experiment of this type, observed a marked decrease in rate of evapo- 
ration as the mercury column rose and called attention to the analogy between nega- 
tive pressure and osmotic pressure. This relationship forms the basis of a method 
for measuring the osmotic pressure of a solution. Budgett (B-3) measured the force 
required to pull apart flat steel surfaces wetted by a thin film of the liquid. 

C. stress produced by centrifugal force: Several experiments have been 
reported in which tension is developed by rotation of the tube containing the liquid. 
Reynolds (C-l) used U tubes sealed at both ends, with one arm longer than the other. 
One arm is filled completely with liquid; the other arm is only partially filled with 
liquid under its own vapor pressure. The tube is rotated about an axis positioned 
somewhat above the open part of the U. Temperly used a similar method (C-2), 
except that the short arm was open to the atmosphere. Recently Briggs (C-3) 
employed a Z-3haped capillary tube, open at both ends, rotating in the Z plane about 
an axis passing through the center of the Z and perpendicular to the plane. The 
liquid menisci are located in the bent-back short arms of the Z. The speed of rotation 
is increased gradually until the liquid in the capillary "breaks." 

A fairly complete summary of the experimental measurements of the tensile strength 
of pure liquids is tabulated below. Information and references pertaining to work 
prior to 1941 are to be found in ref . 1, a paper which also gives an account of method 
B-l. This tabulation does not include the results of those experiments in which 
materials such as wood or steel were introduced into a glass tonometer in an effort to 
ascertain the adhesive forces between the liquid and these materials; nor does it 
include the results of measurements with aqueous solutions. 

The tensile strength of liquids has been considered in connection with the rise of sap 
in trees 1 and bubble formation in supersaturated liquids. 2 Recently, tonometerlike 
devices have been described 3 for the purpose of detecting cosmic particles. In one 
such "bubble chamber/' provided with a movable piston inserted through an O ring, 
the liquid is stressed by retracting the piston. This particular chamber is filled with 
isopentane and operates at a negative pressure of approximately 6 atm. 4 The fact 

1 Robert E. Hungate, Plant Physiol. 9, 783 (1934). 

2 E. C. Marboe, Chem. Eng. News 27, 2198 (1949). 

3 D. A. Glaser, Phys. Rev. 87, 665 (1952). 

4 Jere Lord, University of Washington, private communication. 
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that cosmic particles can act to produce bubbles in liquids under tension and so break 
the stress casts serious doubts on the significance of all measurements of tensile 
strength. For it is conceivable that the limit to the observed maximum tension 
attainable in any particular tonometer is not simply the cohesive or adhesive forces, 
but the chance release of the tension resulting from the passage of a cosmic particle. 
2p-2. Surface Tensions and Surface Energy of Liquids. 3 Definitions. Owing to 
molecular attraction two fluids in contact adjust themselves so that the area of their 



Table 2p-2. Surface Tension of Water against Air* 



Temp., 


Surface 
tension, 


Temp., 
°C 


Surface 
tension, 


Temp., 


Surface 
tension, 


dynes /cm 


dynes /cm 


dynes /cm 


-8 


77.0 


15 


73.49 


40 


69.56 


-5 


76.4 


18 


73.05 


50 


67.91 





75.6 


20 


72.75 


60 


66.18 


5 


74.9 


25 


71.97 


70 


64.4 


10 


74.22 


30 


71.18 


80 
100 


62.6 
58.9 



* General reference: "Handbook of Chemistry and Physics, 
Company, Cleveland, 1955. 



' 37th ed., Chemical Rubber Publishing 



Table 2p-3. Surface Tension of Various Liquids 



Name 


Formula 


In 

contact 
with 


Temp., 
°C 


Surface 
tension, 
dynes /cm 


Ref.* 


Acetic acid 


C2H4O2 
C2H4O 

C 3 H 6 

C 3 H 6 

NH 3 

NH 3 

A 

CeHe 

CeH4 

C13H10O 

Br 2 

C4H.8O2 


Vapor 
Vapor 

Air or 
vapor 

Air or 
vapor 

Vapor 

Vapor 

Vapor 

Air 

Air 

Air or 
vapor 

Air or 
vapor 

Air 


10 
50 



40 

11.1 
34.1 
-188 
10 
30 

20 
20 
20 


28.8 
24.8 

26.21 

21.16 

23.4 

18.1 

13.2 

30.22 

27.56 

45.1 
41.5 
26.8 


AC (22,23,25); 


Acetic acid 


GC(1); JS(14); 


Acetone 


tPRS(l);ZC(l,6) 
AC (20,24,25); 


Acetone 


AdC(l);BF(l); 
JP(5);JS(4,14); 


Ammonia 


ZC(6) 
JP(7) 


Ammonia 


JP(7) 


Argon 


JS(15) 


Benzene 


AC(3,5,31,32,34); 


Benzene 


BF(2); JP(5); 


Benzophenone 


JS(4,9,10,11,14); 

PRS(2);tRIA(l); 
tPRS(l);ZC(4,5) 
AC(27); AS(1); 


Bromine 


ZC(5) 
AC(17); AdP(3); 


n-Butyric acid 


GC(1) 

AC(27);GC(1); 




JS(4) 



3 General references: Neil K. Adam, "The Physics and Chemistry of Surfaces," Chap. 
IX, Oxford University Press, New York, 1941; H. S. Taylor and S. Glasstone, "A Treatise 
on Physical Chemistry," D. Van Nostrand Company, Inc., New York, 1952. 
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Table 2p-3. Surface Tension of Various Liquids {Continued) 



Name 



Carbon bisulfide 

Carbon dioxide 

Carbon dioxide 

Carbon monoxide .... 
Carbon tetrachloride . 
Carbon tetrachloride . 

Chlorine 

Chlorine 

Chlorobenzene 

Chloroform 

Cyclohexane 

Ethyl acetate 

Ethyl acetate 

Ethyl alcohol 

Ethyl alcohol 

Ethyl ether 

Ethyl ether '. 

Glycerol 

Glycerol 

Helium 

Helium 

n-Hexane 

Hydrogen 

Hydrogen peroxide . . . 

Methyl alcohol 

Methyl alcohol 

Neon 

Nitric acid (98.8%) 

Nitrogen 

Nitrogen 

Nitrogen tetra oxide. 

n-Oetane 

n-Octyl alcohol 

Oxygen 



Formula 



CS 2 



co 2 
co 2 

CO 

CC1 4 
CC14 
Cl 2 

Cl 2 

C4H5C1 



CHCh 



CeHi2 

C4H8O2 

C4Hs0 2 



C 2 H 6 
C 2 H e O 



C4H10O 

C4H10O 

C3H8O3 

C3H8O3 

He 

He 

CeHi4 

H 2 
H 2 2 
CH4O 
CH4O 

Ne 

HNO3 

N 2 

N 2 

N 2 4 

CgHis 

CsHisO 

2 



In 

contact 

with 



Vapor 



Vapor 
Vapor 
Vapor 
Vapor 
Vapor 
Vapor 
Vapor 
Vapor 



Air 



Air 
Air 
Air 



Air 
Vapor 



Vapor 

Vapor 

Air 

Air 

Vapor 

Vapor 

Air 

Vapor 

Vapor 

Air 

Vapor 

Vapor 

Air 

Vapor 

Vapor 

Vapor 

Vapor 

Air 

Vapor 



Temp., 
°C 



20 



20 
-25 
-193 

20 
200 

20 
-60 

20 



20 



20 



50 




30 



20 

50 

20 

150 

-269 

-271. 

20 

-255 

18.2 


50 
-248 

11.6 
-183 
-203 

19.8 

20 

20 
-183 



Surface 
tension, 
dynes /cm 



32.33 



1.16 

9.13 

9.8 

26.95 

6.53 

18.4 

31.2 

33.56 



27.14 



25.5 
26.5 
20.2 



24.05 
21.89 



17.01 

13.47 

63.4 

51.9 
0.12 
0.353 

18.43 

2.31 
76.1 
24.49 
20.14 

5.50 
42.7 

6.6 
10.53 
27.5 
21.80 
27.53 
13.2 



Ref." 



AC(17,28);GC(1); 

BF(2); JS(14); 

PRS(2), ZC(6) 
VK(1,2) 
VK(1,2) 
JS(15) 
AC(3,5,6,28,31); 

PRS(1,2); ZC(5) 
AC(ll); JP(3) 
AC(ll); JP(3) 
AC(6,20,28); 

JP(5); JS(ll); 

PRS(2);tRIA(l); 

tPRS(l);ZC(5) 
AC(6,28,31); 

AdC(l); PRS(2); 

tRIA(l);ZC(6) 
PRS(1);ZA(1) 
AC (26,33); 

AdC(l); AS(2); 

JP(5); tPRS(l); 

ZC(6) 
AC (22,23,25,32); 

BF(2);JP(5); 

tRIA(l); 

tPRS(l) 
AC(4,15,28,31); 

AdC(l);tPRS(l) 
JR(1); MB(1); 

ZA(1);ZC(3) 
cUL(2);PRA(2) 
cUL(2);PRA(2) 
AC(5,6,16); 

AdC(l); AS(1) 
cUL(l);PRA(l) 
AC(13) 
AC(22,23,25,32); 

tPRS(l) 
cUL(3); PR A (3) 
JS(2) 
JS(15) 
JS(15) 
JS(4) 

AC(4,5,34); JS(4) 
AC(4,5) 
JS(15) 
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Table 2p-3. Surface Tension of Various Liquids (Continued) 



Name 



Oxygen 

Phenol 

Phosphorus trichloride 

n-Propylamine .... 

Sulfuric acid (98.5%). 

Toluene 

Toluene. .. 



Formula 



2 
C 6 H 6 

PC1 3 

C 3 H 9 N 
H2SO4 

C7H8 
C7H8 



In 

contact 

with 



Vapor 
Air or 
vapor 
Vapor 

Air 
Air or 
vapor 
Vapor 
Vapor 



Temp., 



-203 
20 

20 

20 
20 

10 
30 



Surface 
tension, 
dynes /cm 



18 
40 



29.1 



22 
55 

27 
27 



Ref.* 



JS(15) 

AC(18,19,25); 
JS(2,6,13);JP(4) 

AC(17);GC(1); 
JP(2);JS(4) 
GCQ); JS(3) 

AC(17a); 

AdP(7); JS(2) 
AC(4,17,20,31) 
JP(5);PRS(2); 

ZC(5,6) 



* General reference: "Handbook of Chemistry and Physics," 37th ed., Chemical Rubber Publishing 
Company, Cleveland, 1955. A reference key is on pp. 2-176 and 2-178. 





Table 


2p-4. Surface Tension of Metals 


Substance 


Gas 


Temp., 


Surface 
tension, 








Ref.* 


Name 


Symbol 




°C 


dynes /cm 




Aluminum 


Al 


Air 


700 


840 


CR(1) 


Antimony 


Sb 


H 2 


750 


368 


ZA(4) 


Antimony 


Sb 


H 2 


640 


350 


PM(1) 


Bismuth.. ..... 


Bi 


H 2 


300 


388 


PM(1) 


Bismuth ... 


Bi 


H 2 


583 


354 


ZA(4) 


Bismuth . . 


Bi 


CO 


700-800 


346 


AdP(2) 


Cadmium 


Cd 


H 2 


320 


630 


AC(10) 


Copper 


Cu 


H 2 


1131 


1,103 


ZA(4) 


Gallium 


Ga 


C0 2 


30 


358 


AC(30) 


Gold... 


Au 
Pb 
Pb 
Hg 


H 2 
H 2 
H 2 
Vacuum 


1070 
350 
750 




580-1,000 
453 
423 
480.3 


AdP(l); AdP(2); JI(1) 


Lead 


PM(1) 


Lead 


ZA(4) 


Mercury 


AC(7) 


Mercury 


Hg 


Air 


15 


487 


AC(9); AdP(5); 
AdP(6);CR(2) 


Mercury 


Hg 


H 2 


19 


470 


PM(1) 


Mercury ... 


Hg 


Vacuum 


60 


467.1 


AC(7) 


Platinum 


Pt 


Air 


2000 


1,819 


AdP(2) 


Potassium 


K 


C0 2 


62 


411 


AdP(3) 


Silver 


Ag 
Na 


Air 
C0 2 


970 
90 


800 
294 


AdP(2); AdP(4); JI(1) 


Sodium 


AdP(3) 


Sodium 


Na 


Vacuum 


100 


206.4 


PR(D 


Sodium 


Na 


Vacuum 


250 


199.5 


PR(D 


Tin 


Sn 
Sn 
Zn 
Zn 


H 2 
H 2 
H 2 
Air 


253 

878 
477 
590 


526 
508 
753 
708 


PM(1) 


Tin 


ZA(4) 


Zinc 


AC(10) 


Zinc 


JKl) 



* General reference 
Company, Cleveland, 



"Handbook of Chemistry and Physics," 37th ed. 
1955. A reference key is on pp. 2-176 and 2-178. 



Chemical Rubber Publishing 
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interface is a minimum consistent with other requirements. The work required to 
extend the surface by unit area is called the "free surface energy." In solving prob- 
lems it is convenient to replace the concept of free surface energy by that of a hypo- 
thetical tension, acting parallel to the surface. Named the surface tension and its 
value denoted by y, this is denned as the normal tensile force per unit of length across 
any line traced on the surface. The free surface energy and the surface tension have 
the same dimensions. (MT~ 2 ) and are numerically equal; the units of y may be given 
as either dynes /cm or as ergs /cm 2 . 

Table 2p-5. Surface Tensions of Aqueous Solutions against 
Air — Organic* 



Substance 



Acetic acid . . 

Acetone 

Ethyl alcohol 
Sucrose 



30 



25 



30 



25 



y = surface tension for concentrations indicated 



% 
y 

% 
y 

% 
y 

% 
y 



1.000 
68.0 

5.00 
55.5 

0.979 
66.1 

10.0 
72.5 



2.475 
64.4 

10.0 
48.9 

2.143 
61.6 

20.0 
73.0 



5.001 
60.1 

20.00 
41.1 

4.994 
54.2 

30.0 
73.4 



10.01 
54.6 

25.00 
38.3 

10.39 
45.9 

40.0 
74.1 



30.09 
43.6 

50.00 
30.4 

25.00 
34.1 

55.0 

75.7 



49.96 
38.4 

75.0 
26.8 

50.00 
27.5 



69.91 
34.3 

95.0 
24.2 

75.06 
24.7 



100.00 
26.6 

100.00 
23.0 

100.00 
21.5 



* General reference: "Handbook of Chemistry and Physics," 37th ed., Chemical Rubber Publishing 
Company, Cleveland, 1955. 

Formulas Involving Surface Tension. When the interfacial surface between two 
fluids is curved the pressure p x on the concave side exceeds that, p 2) on the convex side 
by the amount 

(Pi - v*) = y(Ri~ l + Rr 1 } (2p-l) 

where R h R 2 are the principal radii of curvature. The pressure p due to surface ten- 
sion within av liquid drop or gas bubble of radius R surrounded by liquid is 



V = 



2r 
R 



(2p-2) 



The velocity v of sinusoidal ripples on the surface of a liquid of great depth is given by 1 

(2p-3) 



V 2 = 9* 1 2 *y 

2tt pX 



where X is the wavelength of the ripples, g is the acceleration due to gravity, and p is 
the density of the liquid (cf. Sec. 2a). 

Methods of Measuring the Surf ace Tension of a Liquid Relative to a Gas Phase. 1. 
Capillary-height method. If a vertical capillary tube whose bore radius r is sufficiently 
small rests with its lower end below a liquid surface the liquid in it will rise to a height h 



1 Rayleigh, Phil. Mag. 30, 386 (1890). 
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given approximately by 



h = 2 y cos e (2p-4) 

gr(p - Pv) 

where Pv is the density of the gas above the liquid, and 6 is the contact angle of the 
meniscus with the tube wall (0 is often zero) . If the tube is not sufficiently small, cor- 
rections must be applied to the above formula. 1 • 

2* Maximum-bubble-pressure method. If a bubble is blown at the lower end of a 
tube of small bore dipping into a liquid the pressure in the bubble reaches a maximum 
value given by 

v . ?1 ' (2P-5) 

^ r 

where r, as before, is the bore radius. If r is not sufficiently small, corrections must be 
applied to the above formula. 1 

3. Drop-weight method. The weight co of a drop falling from the tip of a vertical 
tube is given by 

W = r f (2P-6) 

where F is an empirical function' of (V/r*), V being the drop volume. When (F/r») 
is 5,000, F is 0.172; as (V/r 3 ) decreases to 1.55, F increases steadily to 0.26; further 
decrease of (V/r 3 ) causes F to oscillate slightly around 0.25. 

Reference Key to Surface-tension Data 

AC. Journal of the American Chemical Society. (1) Baker and Gilbert, 62, 2479-2480 
1940 (2) H. Brown, 66, 2564-2568 (1938). (3) Harkms and Brown 41, 449 
(1919). (4) Harkins, Brown, and Davies, 39, 354 1917. (5) Harkms and Cheng 
43, 35 (1921). (6) Harkins, Clark, and Roberts, 42, 700 (1920) (7) Harkms and 
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Table 2p-6. Surface Tension of Aqueous Solutions against Air — 

Inorganic* 
(/ = gram formula weights per 1,000 g of solvent) 

For these aqueous solutions the values of Ay are given. Ay is the difference between the surface 
tension of the solution and that of the solvent at the same temperature. Positive values of A y mean 
that the surface tension of the solution is greater than that of the solvent; negative values the reverse. 
For convenience in computing the surface tension, the current accepted value for the surface tension of 
water at the stated temperature is given in the second column. 



Formula 



CaCl 2 



HC1. 



NH4OH. 
HN0 3 ... 
KC1 



KOH. 



MgCl 2 . 
MgS0 4 
NaBr. . 



NaCl. 



Na 2 C0 3 . 

NaN0 3 .. 



NaOH. 




25 

(71.97) 

20 

(72.75) 

18 

(73.05) 

20 

(72.75) 

20 

(72.75) 

18 
(73.05) 

20 

(72.75) 

20 

(72.75) 

20 

(72.75) 

20 

(72.75) 

20 

(72.75) 

20 

(72.75) 

18 
(73.05) 



Na 2 S0 4 20 



(72.75) 



Ay for concentrations indicated 



/ 

Ay 

/ 

Ay 

/ 

A7 

/ 

Ay 

/ 

Ay 

/ 

Ay 

/ 

Ay 

/ 

Ay 

/ 

Ay 

/ 

Ay 

/ 

Ay 

/ 

Ay 

/ 

Ay 

/ 

Ay 



0.1 
0.35 



0.1 
0.16 



0.1 
0.32 

0.1 
0.26 



0.1 
0.17 

0.25 
0.7 

0.1 
0.12 



0.2 
0.5 



0.5 
1.5 

0.5 
-0.2 

0.5 
-1.4 

0.7 
-0.6 

0.5 
0.70 

0.5 
0.9 

0.5 
1.52 

0.5 
1.03 

0.5 
0.7 

0.5 
0.S2 

0.5 
1.3 

0.5 
0.60 

0.7 
1.3 

0.5 
1.4 



1 


.0 


3 


.2 


1 


.0 


-0 


3 


1 





-2 


4 


1 


5 


-1 


1 



1.0 
1.4 

1.0 
1.8 

1.0 
3.0 

1.0 
2.1 

1.0 
1.3 

1.0 
1.64 

1.0 
2.7 

1.0 
1.2 

1.5 

2.8 

1.0 
2.7 



2.0 


3.0 


6.9 


11.0 


2.0 


4.0 


0.5 


-0.9 


1.5 


3.0 


3.1 


-5.2 



2.8 
-1.8 

2.0 

2.8 

2.0 
3.5 

2.0 
6.4 

2.0 
4.6 

1.5 
2.0 

2.0 
3.3 

1.5 
4.0 

2.0 
2.4 



3.0 
4.2 

3.8 
6.7 

3.0 
10.2 

2.7 
6.5 

2.9 
3.8 

3.0 
4.9 



3.0 
3.5 



5.0 
18.4 

6.0 
-1.3 

6.0 

-7.8 



4.0 
5.5 



3.65 
13.0 



5.0 

8.2 



5.0 
5.6 

5.0 
10.0 



11.2 




35 




9.0 


17.7 


-2.2 


-7 


15.0 


34.0 


12.0 


-16.0 



8.5 
-4 

4.4 
6.0 



6.0 

9.8 



7.0 
7.5 

11.0 
23 



12.2 
11.3 

14.0 

28 



* General reference: "Handbook of Chemistry and Physics,' 
Company, Cleveland, 19*^. 
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Viscosity of Suspensions 
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2q-l. List of Symbols 

P percentage porosity 

k permeability 

v volume of fluid crossing unit area per unit time 

rj shear viscosity 

k' k/i) 

R Reynolds number 

r flow resistance 

p fluid pressure 

7] a shear viscosity of suspensoid 

770 shear viscosity of suspending fluid 

c concentration of particles 

/ ratio of semimajor to semiminor axis of ellipsoid 

2q-2. Percentage Porosity. P is a measure of the fluid capacity of a porous 
medium. It is defined as the percentage volume of voids per unit total volume. In 
dealing with the flow properties of a porous medium one is concerned with the per- 
centage porosity actually available during flow, i.e., the relative amount of intercon- 
nected pore space. Therefore, the available porosity (quoted in Table 2q-l) may be 
somewhat less than the total porosity calculated from the density of the medium. 

2q-3. Permeability. A; is a measure of the ease with which a fluid flows through a 
porous medium under the influence of a pressure gradient. It is defined from the 
empirical relation known as Darcy's law in the following way: li v is the volume of 
fluid crossing unit area per unit time under the pressure gradient dp/dx, for small 
values of v (to be specified below), one finds empirically that 

where k' is a constant dependent on both the fluid and the medium. It -is found, 
further, that the constant k' can be written as k' = k / v , where v is the coefficient of 
shear viscosity of the fluid, and k is by definition the permeability. Defined in this 
way, k is practically independent of the properties of the fluid and depends only upon 
the character of the porous structure. 

If a Reynolds number is defined as R = av P / v (where p is the fluid density and a 
is a length characteristic of the porous structure, such as the average pore size), it is 
found empirically that Darcy's law as given above holds for R less, than about 5. 

Many attempts have been made to calculate permeabilities in terms of more funda- 
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mental properties of the medium, but in general this has not met with success, and k 
is usually looked upon as a parameter which can be known only by direct measure- 
ment. One exception to this is Kozeny's equation which gives a good approximation 
to the permeability of powders having a negligible number of "blind" pores. In 
particular, it agrees well with experiment for a given medium in which the porosity 
is changed by alteration of packing. The equation is 



* " 5 La -P) 2 S*\ 



(2q-2) 



where P is the fractional porosity (percentage porosity/ 100) and S is the total surface 
area of the particles contained in a unit volume of the medium. 

Table 2q-l. Typical Flow Parameters of Some Porous Materials* 



Material 



Graded sand: 

30-40 mesh 

40-50 mesh 

50-60 mesh 

60-70 mesh 

70-80 mesh 

80-100 mesh 

100-120 mesh 

120-140 mesh 

Fine heterogeneous sands 

Silts 

Fine powders 

Sandstones 

Acoustic absorbing materials. 
Hair felt 



% porosity Permeability, darcys 



40 

40 

40 

40 

40 

40 

40 

40 
30-35 
35-45 
35-70 
10-20 
90-95 

95 



345 
66 
44 
31 
26 
11 
10 
9 
1-10 
5-180 
0.01-0.1 
0.01-1.0 
35-180 
900 



* The permeability of a given type of porous substance varies widely depending upon such factors as 
the degree of cementation and the nature of the interconnections between pores, and so the values 
quoted above represent only typical values that have been reported in the literature cited in the refer- 
ences at the end of this section. 

In geophysical work the most common unit of permeability is the darcy; this is the 
unit that results when length is measured in centimeters, time in seconds, viscosity in 
centipoises, and pressure in atmospheres. Consequently a porous structure will have 
a permeability of 1 darcy if, for a fluid of 1 centipoise viscosity, the volume flow is 
1 cc/cm 2 area under a pressure gradient of 1 atm/cm. 

In acoustical transmission in which air is the fluid medium and where the flow 
properties of a material determine its acoustic impedance, the constant usually 
specified is the flow resistance r = v/k> where 77 is the viscosity of air (1.8 X 10~ 2 cp 
at room temperature). 

Permeability measured in darcys can be converted to a self-consistent cgs system 
of units by the relation 

1 darcy = 9.8697 X 10~ 9 poise (cm /sec) /(dynes /cm 2 ) 

2q-4. Viscosity af Suspensions. The suspension of small numbers of solid particles 
in a liquid affects the apparent viscosity of the mixture in a predictable way for that 
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class of suspensions known as lyophobic sols, or "suspensoids." These are systems 
in which the principal forces between particles are of a mechanical nature (i.e., 
viscous). In suspensoids the particles are microscopic in size and precipitation is 
easy and is irreversible in the sense that a purely chemical change will not make the 
coagulum go back into suspension. In lyophilic sols (gels), on the other hand, coagu- 
lation is reversible and a submicroscopic structure usually exists. Here small changes 
in the state of the system can lead to large alterations of gross physical properties. 
Only the class known as lyophobic sols, or suspensoids, will be discussed here (cf. Sec. 
2g for gels). 

For spherical particles, and for small concentrations of particles, it has been found 
possible to express the apparent-shear-viscosity coefficient r} a of a suspensoid in terms 
of the shear-viscosity coefficient of the fluid no and the volume concentration of par- 
ticles c by the expression first derived by Einstein: 

Va = Wl + |c) (2q-3) 

This result is independent of particle-size distribution. Einstein's equation gives 
fair agreement with measurements for concentrations up to about 1 per cent. 

Various other expressions have been proposed for higher concentrations. One 
that fits measurements quite well up to about 30 per cent concentration, again for 
spherical particles, is 

Va = Wl - c) f m (2q-4) 

To some extent the viscosity of suspensoids having particles of nonspherical shape 
can be approximated. In general one has for small concentrations 

Va = »7o(l + <i>c) (2q-5) 

where depends upon the shape of the individual particles but not upon their size 
distribution. For ellipsoids where / is the ratio of semimajor to semiminor axes, 
Eisenschitz gives, for the case where / is large compared with unity and where the 
particles are large enough so that Brownian motion is negligible, 

* = ^Tfo^2f ( 2 <H» 

Again for long particles, but when Brownian motion of the particles is large, one has 

* " 15(log 2/ - 1.5) < 2( 1- 7 ) 
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2r-l. Introduction-— Status of Available Data. Although the possibility of occur- 
rence of cavitation in hydrodynamic systems was recognized as long ago as 1754 by 
Euler, 1 significant researches on the physical phenomena have been developed only 
during the first half of the present century. This has resulted from the growing 
importance of the effects of cavitation (both useful and detrimental) in such diverse 
fields as underwater propulsion and hydraulic machinery (loss of efficiency, damage to 
materials, noise), underwater signaling (background noise, absorption of acoustical 
power), hydroballistics (increased drag and instability of missiles), medicine (divers' 
bends, bullet wounds), and chemical processing (acceleration of reactions and mixing 
processes,' industrial cleaning). Because of the complexities of the phenomena— 
hydrodynamical and physicochemical — in cavitated regions, research activity con- 
tinues to emphasize understanding and description of events. Consequently, this 
section is restricted to brief descriptions of the various factors involved in the cavi- 
tation process and to the presentation of data which, while consistent within them- 
selves, are intended primarily to illustrate the text. In all cases, reference should be 
made to the original source for guidance in judging the limits of accuracy and applica- 
bility of these data. 

The discussion given here is concerned particularly with phenomena associated with 
flowing liquids and excludes cavitation produced by heat addition (boiling) and 
acoustical pressure waves as well as problems of pure liquids (e.g., ultimate tensile 
strength). Rather complete discussions of cavitation in flowing liquids (and about 
forms moving through stationary liquids) have been given by Ackeret 2 and Eisenberg, 3 
and extensive bibliographies will be found in the papers of these authors and in a 
compilation by Raven et al. 4 

2r-2. Definitions and Nomenclature 

P - Vv 
<r = — = cavitation number 

P ambient pressure 

1 Leonhard, Euler, Theorie plus complete des machines, qui sont mises en mouvement par 
la reaction de l'eau, Historie de V Academie Royale des Sciences et Belles Lettres, Classe de 
Philosophic Experimentale, Mem. 10, pp. 227-295, 1754 (Berlin, 1756). 

2 J. Ackeret, Kavitation (Hohlraumbildung) , Handbuch der Experimentalphysik IV (1), 
461-486 (Leipzig, 1932). 

3 Phillip Eisenberg, Kavitation, Forschungshefte fur Schiffstechnik 3, 111-124, 1953; 
4 155-168 (1953)* 5 201-212 (1954); On the Mechanism and Prevention of Cavitation, 
David Taylor Model Basin, U.S. Navy Dept. Kept. 712, July, 1950; A Brief Survey of 
Progress on the Mechanics of Cavitation, David Taylor Model Basin, U.S. Navy Dept. 
Kept. 842, June, 1953. ' 

4 F. A. Raven, A. M. Feiler, and Anna Jesperson, An Annotated Bibliography of Cavita- 
tion, David Taylor Model Basin, U.S. Navy Dept. Rept. R-81, December, 1947. 
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Pv vapor pressure or actual pressure within a cavity 

P mass density of liquid 

U stream velocity 

<n or K cavitation number for inception of cavitation (" critical" cavitation 

number) 

Ud 
He = — Reynolds number 

V 

v kinematic viscosity 

d diameter of a body of revolution 

dm maximum diameter of steady-state cavity 

I length of a steady-state cavity 

R radius of a transient cavity 

h altitude of a cone 

C D = x TTO . drag coefficient 

27>C/ 2 A 

D drag 

A area of body in plane normal to stream or cross-sectional area of 

circular cylinder 
Cd((t) drag coefficient at cavitation number a 

a total absolute air content 

«« total saturation air content 

2r-3. Inception of Cavitation. It is now generally agreed that cavitation originates 
with the growth of undissolved vapor or gas nuclei existing in the liquid or trapped on 
microscopic foreign particles. It is well known that the rupture forces of very clean 
and carefully degassed liquids are of the order of those predicted by kinetic theoretical 
formulations. Experimental evidence has also been obtained that water saturated 
with air, but denucleated by application of very high pressures, exhibits large tensile 
strength (of the order of several hundred atmospheres). 1 Thus the presence of nuclei 
is evidently necessary for the inception of cavitation at pressures of the order of vapor 
pressure. In supersaturated liquids, it is easy to account for the presence and stabil- 
ity of such nuclei, but in saturated and undersaturated liquids, the situation is not 
clear, and the presence of nuclei is usually accounted for on the basis that they are 
stabilized on suspended particles. 2 As a consequence, depending upon the size and 
number of these nuclei, cavitation may be expected to begin above as well as below 
the vapor pressure. The effect of total air content was shown in experiments of 
Crump 3 using a venturi nozzle having a diffuser of 5° included angle. Figure 2r-l 
shows that in the undersaturated liquid it was possible to obtain tensions as the air 
content was reduced. Results in a nozzle with an abrupt expansion, however, show 
opposite trends in the pressures required for inception, 4 although here too tensions 
were obtained. Comparable results for sea water 5 are shown in Fig. 2r-2; since the 

i Newton E. Harvey, W. D. McElroy, and A. H. Whiteley, On Cavity Formation in 
Water, J. Appl. Phys. 18, 162-172 (February, 1947). 

2 Eisenberg, loc. cit.; P. S. Epstein and M. S. Plesset, On the Stability of Gas Bubbles in 
Liquid-Gas Solutions, J. Chem. Phys. 18, (11), 1505-1509 (November, 1950). 

3 S. F. Crump, Determination of Critical Pressures for the Inception of Cavitation in 
Fresh and Sea Water as Influenced by Air Content of the Water, David Taylor Model 
Basin, U.S. Navy Dept. Rept. 575, October, 1949. 

4 S. F. Crump, Critical Pressures for the Inception of Cavitation in a Large-scale Numachi 
Nozzle as Influenced by the Air Content of the Water, David Taylor Model Basin U S 
Navy Dept. Rept. 770, July, 1951. ' 

5 S. F. Crump, Determination of Critical Pressures for the Inception of Cavitation in 
Fresh and Sea Water as Influenced by Air Content of the Water, David Taylor Model 
Basin, U.S. Navy Dept. Rept. 575, October, 1949. 
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Fig. 2r-2. Critical pressure for inception of cavitation in sea water. (After Crump.) 
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water is supersaturated, thus presumably containing a large number of undissolved 
nuclei, bursts of cavitation are observed at pressures well above vapor pressure. 

Properties of the liquid such as viscosity and surface tension influence the growth 
of nuclei and, consequently, the inception pressures. In this connection, the presence 
of surface-active materials (detergents, etc.) affect inception pressures through alter- 
ation of surface tension. 

Rounded ^erieo 




<0 

2- Caliber Ogivat 
I- Caliber Ogrvol 

O 

Hemispherical 



'A-Cal/ber Rounded 



~0 02 0.4 0.6 08 

Caliber 



.a liber Round 
1%-Caliber Rounded 



B 



Blunt 

Fig. 2r-3. Critical cavitation number for first change in minimum pressure coefficient of 
bodies of revolution and minimum pressure coefficient vs. caliber of rounding. {After 
Rouse and McNown.) 

Environmental factors which must be considered when attempting to predict 
inception include not only the average pressure and pressure-gradient conditions 
determined by the flow boundaries (such as bounding walls or a moving body) but 
also the magnitude and duration of pressure fluctuations in turbulent regions and 
boundary-layer effects including flow in zones of separation. An example of the 
effects of the boundary layer and, in particular, local separation is shown in Fig. 2r-3 
from the work of Rouse and McNown. 1 In this figure are compared the minimum 
pressure coefficients with the cavitation numbers at which the pressure distribution 
first showed a change. This change is attributed to microseale cavitation in locally 
separated flows and served to define the critical cavitation number. Effect of model 
size on inception has been studied by Kermeen 2 and others. 3 While the mechanisms 
are still only incompletely understood, trends are fairly well established and are con- 

1 Hunter Rouse and John S. McNown, Cavitation and Pressure Distribution; Head 
Forms at Zero Angle of Yaw, State Univ. Iowa Studies Eng. Bull. 32, 1948. 

2 R. W. Kermeen, Some Observations of Cavitation on Hemispherical Head Models, 
Calif. Inst. Technol. Hydrodynamics Lab. Rept. E-35.1, June, 1952. 

3 Blaine R. Parkin, Scale Effects in Cavitating Flow, Calif. Inst. Technol. Hydrodynamics 
Lab. Rept. 21-8, July 31, 1952. 
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sistent with the concept of nuclei and the role of the boundary layer. 1 An example 
of Kermeen's results is shown in Fig. 2r-4 wherein the average values of a large number 
of data are plotted for models of various diameters. 

2r-4. Transient (Bubble) Cavities. These are small individual bubbles which 
grow, sometimes oscillate, and eventually collapse and disappear. Of particular 
interest here are the pressures produced in the vicinity of such cavities when they 
collapse. From studies of damage and acoustic radiation produced by such cavities, it 
is known that pressures of the order of thousands of atmospheres are developed. 
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Fig. 2r-4. Cavitation number K for incipient cavitation (as denned by value at which noise 
disappears) as a function of Reynolds number for bodies with hemispherical heads and 
cylindrical middle bodies. (The ^i-in. A model was more accurately constructed than the 
J4-in. B model.) (After Kermeen.) 

However, since the maximum pressure rise is confined to durations of the order of a 
microsecond, definitive measurements have not yet been achieved. The motion of 
such cavities depends not only upon the ambient pressure conditions but also upon 
the amount of permanent gas in the bubble and the condensation rates of the vapor 
as well as the properties of the liquid — compressibility, viscosity, surface tension. 
Except for surface tension, all these factors tend to decrease the rate of collapse; in 
addition, distortion from spherical shape caused by pressure gradients or bubble-wall 
instability tends to result in reduced collapse rates and thus reduced pressures. 

Plesset, 2 employing Rayleigh's 3 theoretical formulation for collapse of a spherical 
cavity in incompressible inviscid fluid but including effect of surface tension and 



1 Eisenberg, loc. cit.; Parkin, loc. cit. 

2 M. S. Plesset, The Dynamics of Cavitation Bubbles, J. Appl. Mech. 16, 277-282 
(September, 1949). 

3 Lord Rayleigh, On the Pressure Developed in a Liquid during the Collapse of a Spherical 
Cavity, Phil. Mag. 34, 94-98 (1917). 
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comparing with the experimental results of Knapp and Hollander, 1 has shown that, 
in the region from maximum radius down to about one-quarter the maximum radius, 
the motion can be predicted with fair accuracy as long as the bubble is approximately 
spherical. This idealized theory, which predicts that the bubble-wall velocity is of 
the order of R~% as R — ■> (and that the maximum pressure is infinite) is, of course, 
inadequate for the final stages of collapse where the effects mentioned above become 
important. For example, a further approximation carried out by Gilmore 2 shows 
that the effect of compressibility of the liquid is to reduce the wall velocity to the 
order of R~%. 

2r-5. Steady-state Cavities. Such cavities (also referred to as "fixed" and 
"sheet") are large stationary cavities observed behind blunt obstacles and on hydro- 
foil profiles with relatively sharp leading edges. While such cavities are, especially 
at low cavitation numbers, usually filled only with vapor phase and other gas, they 
are often observed to contain a mixture of individual -bubbles and liquid phase. The 
surface usually oscillates, and often parts or the entire cavity are observed to grow 
and collapse; the average envelope, however, behaves essentially as the boundary of a 
time-independent flow. 3 

Reliable measurements of cavity shape have been made up to now only for axisym- 
metric cavities. Data for the principal dimensions of cavities formed behind trun- 
cated forms with the apex upstream (disks, cones, hemispheres, semiellipsoids, ogives) 
have been reported by Reichardt 4 and Eisenberg and Pond. 5 Such measurements for 
cavities about bodies of revolution composed of cylindrical middle bodies and various 
head shapes have been reported by Rouse and McNown. 6 Reichardt's data are 
particularly of interest, since they extend to the lowest cavitation numbers yet 
attained (as low as 0.013). 

For the truncated forms for which the leading edge of the cavity is essentially 
fixed at the trailing edge of the form (cones, disks), measurements of the principal 
dimensions can be represented within the experimental error by formulas given by 
Reichardt. 7 The ratio of maximum cavity diameter to diameter of disk or base of 
cone is 



T " V^(°) ^ (2r ' 1} 

where / = 1 - 0.132<r* (2r-2) 

and values of d>(0) are given in Table 2r-l. The ratio of maximum cavity diameter 
to cavity length is 

dm _ (0.066 + 1.70(7) 



1 <r+ 0.008 



(2r-3) 



2r-6. Drag in Cavitating Flow. Available data indicate that, for the truncated 
bodies discussed above, the drag coefficient is a linear function of the cavitation num- 

1 R. T. Knapp, and A. Hollander, Laboratory Investigations of the Mechanism of 
Cavitation, Trans. Am. Soc. Mech. Engrs. 70, (5), 419-435 (July, 1948). 

2 Forrest R. Gilmore, The Growth or Collapse of a Spherical Bubble in a Viscous Com- 
pressible Liquid, Calif. Inst. Technol. Hydrodynamics Lab. Rept. 26-4, Apr. 1, 1952. 

3 Eisenberg, loc. cit. 

4 H. Reichardt, The Laws of Cavitation Bubbles at Axially Symmetrical Bodies in a 
Flow, Ministry Aircraft Prod., Rept. Translations 766, Aug. 15, 1946 (distributed in the 
United States by the Office of Naval Research, Washington, D.C.) 

5 Eisenberg, loc. cit.; Phillip Eisenberg and Hartley L. Pond, Water Tunnel Investigations 
of Steady State Cavities, David Taylor Model Basin, U.S. Navy Dept. Rept. 668, October, 
1948. 

6 Loc. cit. 

7 Loc. cit. 
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ber. Available data may be represented by 1 

Cz>(cr) = C D (0)(l +/fcr) 



(2r-4) 



where the value of p is given in Table 2r-l. This formula can also be used to repre- 
sent available data for a circular cylinder with its axis normal to the flow. The 
value of Cz>(0) for the disk is the average of the extrapolated values of Reichardt 2 and 
Eisenberg and Pond. 3 The results for the cones are from Reichardt; the results 
for the hemisphere, semiellipsoid, and ogive are from Eisenberg and Pond. In each 
of these cases, the values of Cd(0) are extrapolated from the experimental data from 

Table 2r-l. Values of /3 in Eq. 2r-4 



Model 


C D (0) 


Range of a 





Reynolds No. 


Disk, h/d = 


0.80 

0.63 

0.5 

0.32 

0.15 

0.241 

0.114 
~0.55 


0.038-0.56 

0.033-0.125 
0.032-0.118 
0.026-0.069 
0.013-0.086 
0.168-0.38 

0.133-0.394 


1.0 

1.0 
1.0 
1.0 
1.0 
2.024 

3.65 
0.81 
0.68 
0.73 


2.6-7.9 X 10 5 * 


Cones: 

h/d = ^ 








h/d = 1 




h/d =-2 




Hemisphere 


3-8.3 X 10 5 


2:1 semiellipsoid and 2 

caliber ogive 

Circular cylinder 


~3-9 X 10 5 
2.72 X 10 5 




1.75 X 10 5 
2-6 X 10 5 



* Phillip Eisenberg and Hartley L. Pond, Water Tunnel Investigations of Steady State Cavities* 
David Taylor Model Basin, U.S. Navy Dept. Rept. 668, October, 1948. 

which the values of /3 were also obtained. The value of Cd(0) for the circular cylinder 
is from a computation of Brodetsky. 4 The value of <3 = 0.73 for the circular cylinder 
is given by Birkhoff 5 based on experiments of Martyrer. The other values of /3 for 
the circular cylinder are based on Kanstantinov's 6 experiments, which show differ- 
ences depending on Reynolds number (based on cylinder diameter). It should be 
noted that Kanstantinov's results are for constant Reynolds number, whereas in 
Martyrer's tests the Reynolds number varied as the cavitation number was varied. 
There may be a question, however, as to the accuracy of Kanstantinov's results, since 
the forces were found by integrating pressure distributions rather than by direct 
measurement. 

2r-7. Nonstationary Cavities and Other Topics. A third type of flow which may 
be defined as part of a general classification of cavitating flows is the "nonstationary" 
(or "unsteady ") cavity. This is a cavity resembling steady-state cavities but varying 
in time as in the air-water entry of an air-dropped missile or as in the motion of an 
initially submerged but accelerating body. Although all three are free-boundary 

1 Eisenberg, loc. cit. 

2 Loc. cit. 

3 Loc. cit. 

4 S. Brodetsky, Discontinuous Fluid Motion Past Circular and Elliptic Cylinders, Proc. 
Roy. Soc. (London), ser. A, 102, (A718), 542-553 (February, 1923). 

5 Garrett Birkhoff, "Hydrodynamics," chap. 2, Princeton University Press, Princeton, 
N.J., 1950. 

6 W. A. Kanstantinov, Influence of the Reynolds Number on the Separation (Cavitation) 
Flow, David Taylor Model Basin, U.S. Navy Dept. Translation 233, November, 1950. 
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flows, in the transient cavity, the pressure at the boundary varies with time; in the 
steady-state cavity, the boundaries are free streamlines; and, in the third, the bound- 
aries are such that the material lines are not necessarily free streamlines. The nomen- 
clature used here was chosen to provide a consistent representation for both the 
physical phenomena and the corresponding mathematical descriptions. Further 
discussions of nonstationary cavities and references will be found in Eisenberg 1 and 
Birkhoff. 1 

For problems of lift in cavitating flows and of damage produced by cavitation, 
reference may be made to Eisenberg 2 and Raven, Feiler, and Jesperson 3 and the 
bibliographies therein. 



2s. Diffusion in Liquids 

L. G. LONGSWORTH 

Rockefeller Institute for Medical Research 



The diffusion coefficient in liquid solutions is defined as the coefficient D in Fick's 
diffusion equation 

dc r> d * c /n i \ 

ai = D w < 2s - ]) 

in which c is the concentration of the solution and D is a function of the concentration. 
This coefficient is sometimes called the differential value of the diffusion. In the 
tables of this section it is always these values which are tabulated. The units of D 
throughout are cm 2 sec -1 multiplied by 10 5 . The methods employed and the average 
deviations of the reported data from smooth interpolation curves are indicated by the 
following abbreviation scheme: 

C. conductance (±0.2%) 

D. diaphragm cell (±0.2%) 
G. Gouy interference (±0.1%) 
L. Layer analysis H, ± 0.2 %) 

R. Rayleigh interference (±0.1%) 

1 Loc. cit. 

2 Loc. cit. 

3 Loc. cit. 
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Table 2s-1. Diffusion Coefficients of Dilute Aqueous Solutions 
of Electrolytes at 25°C 
(Concentration, moles /liter) 



Electrolyte 



0.000 



LiCl 

NaCl 

KC1 . 

RbCl 

CsCl :. 

KN0 3 

AgN0 3 .... 

MgCl 2 

CaCl 2 

SrCl 2 

BaCl 2 

Li 2 S0 4 

Na 2 S0 4 .... 
CS2SO4.... 
MgS0 4 .... 

ZnS0 4 

LaCl 3 

K 4 Fe(CN) 6 



366 
612 
994 
057 
046 
931 
767 
251 
335 
336 
387 
041 
230 
569 
849 
849 
294 
473 



0.0006 0.001 



1.349 



1.345 
1.586 
1.964 
2.024 
2.013 
1.899 



1.332 
1.000 



0.784 



0.002 



1.189 
1.249 
1.269 
1.320 
.990 
1.175 
1.487 
0.767 
0.741 
1.173 



337 
576 
952 
012 
001 
887 



.172 
.224 
.249 
.299 
.975 
.159 
.460 
.741 
.734 
.144 



0.003 0.005 0.007 0.010 Ref. Method 



331 
570 
944 
003 
992 
879 
720 
161 
206 
236 
285 
965 
145 
442 
726 
723 
125 
211 



323 
561 
933 
991 

978 
866 
708 



180 
219 
264 
950 
124 
418 
708 
706 
102 
183 



318 
554 

924 
983 
969 
856 



1.699 



1.210 



0.700 



1.087 



1.312 
1.545 
1.915 
1.972 
1.958 
1.844 



10 
10 
10 
10 
10 
10 
10 
9 
1 



C 
C 
C 

c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
c 
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Table 2s-3. Diffusion Coefficients of Aqueous Solutions of 
nonelectrolytes at 25°c 
(Gouy interference method) 



Concen- 
tration, ? 


Nonelectrolyte 














g/100 ml 


Urea 


Glycolamide 


Glycine 


n-Butyl alcohol 


a- Alanine 


Sucrose 


0.00 


1.3817 


1 . 1423 


1.0635 


0.9720 


0.9145 


0.5233 


25 






1.0571 
1.0507 


0.9610 
0.9500 


0.9105 
0.9065 




0.50 


1 . 1359 


0.5194 


0.75 


1.3720 


1 . 1328 


1 .0443 


0.9390 


0.9026 


0.5175 


1.00 


1.3688 


1 . 1296 


1.0379 


0.9282 


0.8987 


0.5155 


2 


1.3561 


1.1171 


1.0122 


0.8854 


0.8834 


0.5078 


3 


1.3437 


1 . 1047 


0.9866 


0.8436 


0.8686 


0.5001 


5 


1.3197 


1.0804 


0.9353 


0.7629 


0.8405 


0.4846 


10 


1.2642 


1.0222 






0.7787 




15 


1.2151 


0.9676 






0.7292 




20 


1 . 1725 


0.9167 










25 


1 . 1363 


0.8694 










30 




0.8257 










Ref. 


3 


1 


5 


6 


4 


2 



The data from which this table was prepared may be represented analytically as 
follows : 



Urea: 



D X 10 5 ± 0.05% = 1.3817 - 0.01304? + 0.0001288? 2 for ? < 25 



Glycolamide: D X 10 5 + 0.08% = 1.1423 - 0.01274? + 0.0000729? 2 for? < 30 

Glycine: D X 10 5 ± 0.08% = 1.0635 - 0.02563? for? < 5 

n-Butyl alcohol: D X 10 5 ± 0.03% = 0.9720 - 0.04430? + 0.000496? 2 f or p < 5 

^-Alanine: D X 10 5 ± 0.09% = 0.9145 - 0.01603? + 0.0002449? 2 for? < 15 

Sucrose: D X 10 5 ± 0.04% = 0.5233 - 0.007745? f or ? < 5 
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1. Dunlop, P. J., and L. J. Gosting: /. Am. Chem. Soc. 76, 5073 (1953). 

2. Gosting, L. J., and M. S. Morris: /. Am. Chem. Soc. 71, 1998 (1949). 

3. Gosting, L. J., and D. F. Akeley: /. Am. Chem. Soc. 74, 2058 (1952). 

4. Gutter, F. J., and G. Kegeles: /. Am. Chem. Soc. 75, 3893 (1953). 
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6. Lyons, P. A., and C. L. Sandquist: /. Am. Chem. Soc. 75, 3896 (1953). 
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Table 2s-4. Diffusion of Organic Compounds in Dilute Aqueous 
Solution at 25°C* 



Compound 



Methyl alcohol. 
Ethyl alcohol . . . 



Propyl alcohol 
Isopropyl alcohol. 



Butyl alcohol 

Isobutyl alcohol 

Sec. isobutyl alcohol. . 
Tert. isobutyl alcohol . 

Glycine 

Glycolamide 



a- Alanine . 
/?- Alanine . 
Sarcosine . 

Serine .... 



a-Aminobutyric acid. . . 
/3-Aminobutyric acid. . . 
7-Aminobutyric acid. . . 
a- Amino isobutyric acid 

Threonine 



Valine 

Norvaline . 



Leucine 

Norleucine . 



Asparagine 
Glycylglycine . 

Glutamine .... 
Glycylalanine . 
Alanylglycine . 



Glycylleucine . 
Leucylglycine . 



Wt. % 



0.00 

0.00 

0.59 
0.59 

0.49 
0.49 
0.49 
0.47 

0.30 
0.30 

0.32 
0.31 
0.32 

0.31 

0.31 
0.32 
0.32 
0.32 

0.32 

0.31 
0.32 

0.32 
0.32 

0.29 
0.29 

0.34 
0.30 
0.30 

0.29 
0.31 



D X 10 5 



1.58 7 f 

1.24 8 f 

1.02 2 f 
1.02ot 

0.95 2 f 
0.93 3 f 
0.92 2 f 
0.87 9 f 

1.0554 
1.1385 J 

0.9097 
0.9327 
0.9674 

0.8802 

0.8288 
0.8367 
0.8259 
0.8130 

0.7984 

0.7725 
0.7682 

0.7255 
0.7249 

0.8300 
0.7909 

0.7623 
0.7221 
0.7207 

0.6231 
0.6129 



Compound 



Glycylglycylglycine . . . 

Leucylglycylglycine . . . 

o- Aminobenzoic acid . . . 
m- Aminobenzoic acid . . 
p- Aminobenzoic acid . . . 

Proline 

Hydroxyproline 

Histidine 

Phenylalanine 

Tryptophane 



d( — )Ribose. . . 
Z(+)Arabinose. 
d{ — )Lyxose. . . 
d(+)Xylose... 



d( — )Levulose. . 
d(+)Mannose. 
/( — )Sorbose. . . 
d(+) Dextrose. . 
d(+) Galactose. 



d(+)Sucrose 

d(+)Lactose-H 2 0. . . . 

d(+)Cellobiose 

d( + )Melibiose-2H 2 0. 
d( + )Maltose-H 2 0.... 



d( + )Melezitose-2H 2 0. . 
d( + )Raffinose.5H 2 0... 

Cycloheptaamylose 

Bovine plasma albumin . 



Wt. % 



0.29 

0.30 

0.24 
0.24 
0.23 

0.32 

0.32 

0.28 

0.25 

0.23 

0.41 
0.39 
0.40 
0.40 

0.39 
0.39 
0.39 
0.39 
0.38 

0.39 
0.40 
0.38 
0.41 
0.40 

0.40 
0.45 

0.39 

0.25 



D X 10 5 



0.6652 

0.5507 

0.840 
0.774 
0.842 

0.8789 

0.8255 

0.7328 

0.7047 

0.6592 

0.7769 
0.7599 
0.7591 
0.7462 

0.6944 
0.6875 
0.6791 
0.6728 
0.6655 

0.5209 
0.5076 
0.5039 
0.5022 
0.4929 

0.4478 
0.4339 

0.3224 

0.0670 



Isomers are in groups. Rayleigh interference method except glycolamide. 
* L. G. Longsworth, J. Am. Chem. Soc. 75, 5705 (1953) and previously unpublished work except for 
glycolamide. 

t D strongly concentration-dependent. 

X P. J. Dunlop and L. J. Gosting, J. Am. Chem. Soc. 75, 5073 (1953). 
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Table 2s-5. Diffusion Coefficients in Aqueous Solution at Different 

Temperatures 



Solute 



H+... 
Li + ... 

Na + .. 
K + ... 
C1+... 
Br + .. 
I-...'. 
Ca ++ . 



IPH'O" 

Urea 

Glycine 

Alanine 

Dextrose ....... 

Cyclohepta- 

amylose 

Bovine plasma 

albumin . . . . . 



Wt. 

% 



5°C 



0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 
0.00 

0.00 
0.38 
0.30 
0.32 
0.38 

0.38 

0.25 



6.208 

0.5654 

0.7524 

1 . 1604 

1.1796 

1.2233 

1.2066 



1.294 
0.790 
0.593 
0.500 
0.3640 

0.1738 

0.0356 



15°C 



7.737 

0.7769 

1.0218 

1.5335 

1.5801 

1.6259 

1.6007 

0.6043 

1.743 
1.063 
0.806 
0.688 
0.5038 

0.2418 

0.0493 



25°C 



35°C 



9.313 

1.0286 

1.3349 

1.9565 

2.0324 

2.0808 

2.0457 

0.7919 

2.261 
1.377 
1.054 
0.909 
0.6713 

0.3225 

0.0657 



10.919 
1.3197 
1.6928 
2.4265 
2.5368 
2.5869 
2.5409 
1.0078 



45°C 



12.538 
1.6483 
2.0959 
2.9403 
3.0935 
3.1426 
3.0850 
1.2528 



1.731 
1.337 
1.164 
0.867 

0.4160 



55°C 



14.150 
2.0142 
2.5439 
3.4943 
3.7031 
3.7465 
3.6762 



Ref. 



2 
2 
2 
2 
2 
2 
2 
1 

3 
3 
3 
3 
3 

3 

3 



Method 



R 
R 
R 
R 
R 

R 

R 



* D for ions computed from ionic conductances X, with the aid of the relation D = RTX/ZF 2 , where 
R = 8.3144 joules/deg, T = deg Kelvin = 273.13 + t, Z = valence, and F - 96,500 coulombs/ 
equivalent. 



Awlt 



(Z+ + Z-)D+D- 
Z+D+ + Z-D- 



Since the Stokes radius r, = kT/6xvD varies but little with temperature, a plot of r, vs. t affords precise 
interpolation. Here k = 1.3712 X 10 -8 erg/degree, and v is the viscosity of the solvent in poises. 

References 

1. Benson, G. C, and A. R. Gordon: J. Chem. Phys. 13, 470 (1945). 

2. Harned, H. S., and B. B. Owen: "Physical Chemistry of Electrolytic Solutions," 
2d ed., p. 590, Reinhold Publishing Corporation, New York, 1950. 

3. Longsworth, L. G.: J. Phys. Chem. 58, 770 (1954). 
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Table 2s-6. Diffusion Coefficients in Nonaqueous Solutions 



Solvent 



Hexane 

Heptane 

Carbon tetrachloride 

Carbon tetrachloride 

Dioxane 

Benzene 

Benzene 

Benzene. 

Toluene..... . . . 

m-Xylene. 

Mesitylene 

Tetrachlorethane (sym.) . . . 
Tetrachlorethane (sym.) . . . 
Tetrachlorethane (sym.) . . . 
Tetrachlorethane (sym.) . . . 
Tetrachlorethane (sym.) . . . 
Tetrachlorethane (sym.) . . . 



Solute 



Iodine 

Iodine 

Iodine 

Carbon tetrabromide 

Iodine 

Iodine 

Diphenyl 

Diphenyl 

Iodine 

Iodine 

Iodine 

Tetrabro methane (sym.) 

Tetrabromethane (sym.) 

Tetrabromethane (sym.) 

Tetrabromethane (sym.) 

Tetrabromethane (sym.) 

Tetrabromethane (sym.) 



Concn., 
moles/liter 



0.00 


25 


0.00 


25 


0.00 


25 


0.00 


25 


0.00 


25 


0.00 


25 


0.00 


25 


0.00 


35 


0.00 


25 


0.00 


25 


0.00 


25 


0.03 


0.44 


0.03 


7.70 


0.03 


15.00 


0.03 


25.00 


0.03 


35.61 


0.03 


51.10 



t, 
°C 



D X 10 8 



.05 
42 

.50 
07 4 
07 

.13 
558 
847 
13 
89 
49 
351 
419 
496s 
611 
741 
954 



Ref. 



Method 



D 
D 
D 
R 
D 
D 
G 
G 
D 
D 
D 
L 
L 
L 
L 
L 
L 



References 

1. Cohen, E., and H. R. Bruin: Z. physik. Chem. 103, 404 (1923). 

2. Longsworth, L. G. : previously unpublished data. 

3. Sandquist, C. L., and P. A. Lyons: J. Am. Chem. Soc. 76, 4641 (1954). 

4. Stokes, R. H., P. J. Dunlop, and J. R. Hall: Trans. Faraday Soc. 49, 886 (1953). 



2t. Liquid Jets 

W. L. NYBORG 

Brown University 



2t-l. Circular Jet. We first deal with the laminar flow due to a circular jet of 
viscous fluid issuing from a point orifice into a space filled with the same fluid. 

Symbols 



J 

Uj v 
X 

y 
p 



momentum crossing a plane normal to the axis of the jet per second 

x, y components, respectively, of fluid velocity in the jet 

distance parallel to the axis of the jet 

distance perpendicular to the axis of the jet 

fluid density 

kinematic viscosity of the fluid 
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The flow-velocity components in the jet are given by the following formulas due to 
Schlichting 1 



3 K 



U "" Sir vx (1 + c 2 /4j 2 

1 /3Kl e(l -«»/4) 
, '"'4\ 1 r X (1 + e 2 /4) 2 

4 * IT V X 



(2t-l) 



(2t-2) 



The formulas (2t-l) have been checked experimentally by Andrade and Tsien, 2 who 
found good agreement between the theory and experimental results for a jet of finite 




Fig. 2t-l. Streamlines for a circular jet from a point orifice. 



radius a at a distance of 8 jet diameters or more from the orifice, provided the x in 
(2t-l) is given by 



x — x +0.16u o 



(2t-3) 



where x is the actual distance to the real orifice, and x may be interpreted as the 
distance to an effective point orifice upstream from the real one. 

Figure 2t-l shows a family of streamlines for a circular jet from a point orifice 
plotted from Eq. (2t-l). (For reasons of clarity the figure is expanded in the y 
direction.) Typical velocity profiles (plots of u vs. y) are also given for two distances 
x from the orifice. 

iL. Schlichting, Z. angew. Math. Mech. 13, 260 (1933). 

2 E. N. da C. Andrade and L. C. Tsien, Proc. Phys. Soc. (London) 49, 381 (1937). 
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2t-2. Plane Jet. Laminar flow due to a plane jet of viscous fluid issuing from a line 
orifice into a space filled with the same fluid is described by the following formulas 

u = 0.4543 (— Ysech 2 * 
V vx) 

v = 0.5503 (^) (2e seen 2 e - tanh e) 



where e = 0.2751 

K-i 



©v. 



Here x is distance from the line source, measured parallel to the plane of symmetry 
of the jet and y is measured normal to this plane; all other symbols have meanings 
analogous to those used in Eq. (2t-l). This theoretical result due to Bickley 1 has 
been checked experimentally by Andrade 2 and found to be valid for jets from slits 
of finite width w, provided that x in Bickley's formula is given by 

, 0.65Kw 
x = Xo + „„ (2t-5) 



2u. Density of Gases at Standard Temperature 
and Pressure 



ROBERT LINDSAY 

Trinity College 



2u-l. Introduction. The normal density of a gas is defined as the mass per unit 
volume under standard conditions. Standard conditions are defined to be a tempera- 
ture of 0°C and a pressure of 760 mm of mercury (at 0°C and sea level in a latitude 
of 45°). The conventional absolute units are grams per liter, grams per cubic centi- 
meter, and grams per milliliter. In this compilation the unit g /liter will be used and 
will be symbolized by d. 

2u-2. Methods of Measurement. Several methods have been utilized to measure 
densities of gases. In the so-called direct method a mass determination is made of 
the amount of gas occupying a known volume in a glass flask. This method and 
various refinements on it were used by the early workers in the field such as Ramsay, 
Leduc, Rayleigh, and Morley (ref. 1). The buoyancy-type balance is a more recent 
development (ref. 2). In this method a balance assembly is enclosed within a gas- 
tight chamber. The pressure of the gas in the chamber is adjusted until the system 
is in equilibrium. Dry purified air is then admitted to the chamber after the gas has 
been flushed out and a new equilibrium point obtained. The specific gravity of the 
gas with respect to the air can then be determined. For extreme accuracy a correc- 



1 W. G. Bickley, Phil. Mag. 23, 727 (1937). 

2 E. N. da C. Andrade, Proc. Phys. Soc. (London) 51, 784 (1939). 
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tion for the compressibility factor (deviation from ideal behavior) for both the air 
and the unknown gas must be made. Descriptions of these and other methods for 
determining the densities of gases are included in refs. 1 and 2. 

2u-3. Reliability. The reliability of the density measurements tabulated is 
variable. The following compilation has not been evaluated for extreme accuracy. 
In some instances the values recorded are taken from the tables of Landolt and Born- 
stein (ref. 3), who have recalculated original data. These recalculations were under- 
taken in cases where better values for certain contributing factors such as the density 
of water, the acceleration of gravity, and coefficients of expansion of mercury and 
glass became known subsequent to the date of original data. In such cases the 
original experimental reference is given as well as a notation indicating the compila- 
tion from which it was taken. For a good general critique of the philosophy to be 
employed in examining groups of experimental data, reference is made to Timmer- 
mans (ref. 4). Unless otherwise noted it is felt that the values can be considered 
accurate in the next to last place. 

References 

1. Reilly, J., and W. N. Rae: " Phy sico-Chemical Methods," vol. II, p. 52, D. Van 
Nostrand Company, Inc., New York, 1939. 

2. Bauer, N.: " Encyclopedia of Chemical Technology," vol. 4, p. 890, Interscience 
Publishers, Inc., New York, 1949. 

3. Landolt-Bornstein, " Physikalisch-Chemische Tabellen," 5th ed. and suppl., 
Springer-Verlag OHG, Berlin, 1927. m 

4. Timmermans, J.: " Phy sico-Chemical Constants of Pure Organic Compounds, 
Elsevier Press, Inc., New York, 1950. 

5. "International Critical Tables," McGraw-Hill Book Company, Inc., New York, 
1 Q28 

6. Mellor, J. F.: " Comprehensive Treatise of Inorganic and Theoretical Chemistry," 
Longmans, Green & Co., Inc., New York, 1921. 

7. Simons, J. H., ed.: "Fluorine Chemistry," Academic Press, Inc., New York, 1950. 
Standard reference works which have data on the density of gases are refs. 3 to 7. 
Table 2u-l. Density op Elementary Gases under Standard Conditions 

(t = 0°C; pressure « 760 mm of mercury) 



Gas 


Formula 


d, g /liter 


Year 


Ref. 


Air . . 


Dry C0 2 -free atmospheric air 
A 
Cl 2 
D 2 
F 2 
He 
H 2 
Kr 
Ne 
N 2 

o 2 

Ra 
Xe 


1.29284 

1.78364 

3.214 

0.1796 

1.696 

0.17846 7 

0.08988s 

3.743 

0.89990 

1.25036 

1.42896 

9.96 

5.896 


1927 
1928 
1913 
1948 
1904 
1940 
1948 
1934 
1928 
1926 
1926 
1910 
1934 


1 


Argon 


2 


Chlorine. . . 


3 


Deuterium 


4 


Fluorine 


5 


Helium 


6 


Hydrogen 


7 


Krypton 


8 


Neon. 


2 


Nitrogen 


9 


Oxvsren 


9 


Radon 


10 


Xenon . . . 


11 







References for Table 2u-l 

1 Landolt-Bornstein: "Physikalisch-Chemische Tabellen," 5th ed., 1st suppl., 
p 160 Springer-Verlag OHG, Berlin, 1927 (based on a value at sea level at Bar- 
celona', Spain, determined by C. O. E. Moles and M Paya) /iftocn 

2 Baxter, G. P., and H. W. Starkweather: Proc. Natl. Acad. Set. 14, 57 (1928). 
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3. Jaquerod, A., and M. Tourpaian: /. chim. phys. 11, (2) 269 (1913). 

4. Calculated value from formula given in H. W. Woolley, R. B. Scott, and F. G. 
Brickwedde, J. Research Natl. Bur. Standards 41, 379 (1948). 

5. Moissan, H.: Compt. rend. 138, 728 (1904). 

6. Baxter, G. P., and H. W. Starkweather: Proc. Natl. Acad. Set. U.S. 12, 20 (1926); 
recalculated by W. H. Keesom, "Helium," p. 27, Elsevier Press, Inc., New York, 
1940. 

7. Woolley, H. W., R. B. Scott, and F. G. Brickwedde: ref. 4 (value used in their 
correlation). 

8. Heuse, W., and J. Otto: Phys. Z. 35, 57 (1934). 

9. Baxter, G. P., and H. W. Starkweather: Proc. Natl. Acad. Set. U.S. 12, 703 
(1926). 

10, Ramsay, W., and R. W. Gray: Compt. rend. 151, 126 (1910); recalculated by 
editors of Landolt-Born stein, 5th ed., 1st suppl., p. 162, Springer- Verlag OHG, 
Berlin, 1927. 

11. Heuse, W., and J. Otto: Phys. Z. 35, 628 (1934). 



Table 2u-2. Density of Selected Inorganic Gases under Standard 

Conditions 
(t = 0°C; pressure = 760 mm of mercury) 



Gas 



Ammonia 

Antimony hydride (stibine) 

Arsenic trihydride (arsine) 

Boron trifluoride . . . 

Carbon dioxide 

Carbon monoxide 

Carbon tetrafluoride 

Carbonyl sulfide . 

Chlorine fluoride. 

Disilicane. 

Freon-12 

Germanium tetrafluoride 

Hydrogen chloride 

Hydrogen bromide 

Hydrogen iodide 

Hydrogen selenide 

Hydrogen sulfide 

Hydrogen telluride 

Nitric oxide 

Nitrous oxide 

Nitrosyl chloride 

Oxygen difluoride 

Phosphorus hydride (phosphine) 

Phosphorus oxyfluoride 

Phosphorus pentafluoride 

Phosphorus trifluoride 

Selenium hexafluoride 

Silicon hydride 

Silicon tetrafluoride 

Sulfur dioxide 

Sulfur hexafluoride 

Tellurium hexafluoride 



Formula 



NH 3 

SbH 3 

AsH 3 

BF 3 

C0 2 

CO 

CF 4 

COS 

C1F 

Si2H6 

Or 2OI2 

GeF 4 

HC1 

HBr 

HI 

H 2 Se 

H 2 S 

H 2 Te 

NO 

N 2 

NOC1 

OF 2 

PH 3 

POF 3 

PF 5 

PF 3 

SeF 6 

SiH 4 

SiF 4 

S0 2 

SF 6 

TeF 6 



d, g/liter 



0.77126 

5.30 (15°C, 754 mm) 
3.48 
3.065 
1.9769 
1.25004 
3.94 
2.721 
2 425 
2.85 
5.083 
6.650 
1.6392 
3.6443 
5.7888 
3.6643 
1.5392 
5.76 
1.3402 
1.9804 
2.9919 
2.421 
1.5307 
4.8 
5.80 
3.922 
8.687 
1.44 
4.684 
2 . 9262 
6.60? 
10.915 



Year Ref 



1933 
1904 
1826 
1933 
1938 
1932 
1932 
1901 
1928 
1916 
1932 
1932 
1909 
1925 
1927 
1924 
1932 
1900 
1914 
1931 
1912 
1932 
1930 
1886 
1906 
1922 
1932 
1916 
1917 
1914 
1930 
1932 



1 
2 
3 

4 
5 
6 

7 
8 
9 
10 
29 
11 
12 
13 
14 
16 
15 
17 
18 
19 
20 
27 
21 
22 
23 
24 
7 
10 
25 
26 
28 
7 
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References for Table 2u-2 
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4. Fischer, W., and W. Wiedemann: Z. anorg. u. allgem. Chem. 213, 106 (1933). 

5. Moles, C. O. E., and A. Escribano; Compt. rend. 207, 66 (1938). 

6. Moles, C. O. E., and M. T. Salazar: Anales soc. espan. fis. quim. 30, 182 (1932). 
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Table 2u-3. Density of Selected Organic Gases under Standard 

Conditions 
(t = 0°C; pressure = 760 mm of mercury) 



Gas 


Formula 


d, g/liter 


Year 


Ref. 


Acetylene 


O2H2 

n-C 4 Hio 

iso-C 4 Hio 

C2H6 

C2H4 

CH 4 

CH 3 NH e 

CH 3 Br 

CH3CI 

CH 3 F 

C3H8 

CH 2 :r=: CIx — OHg 


1.17910 

2.5185 (710mm) 

2.673 

1.3562 

1.26036 

0.7168 

1.396 

3.9739 (25°C) 

2.3075 

1.5451 

2.02000 

1.9149 


1920 
1930 
1909 
1909 
1938 
1909 
1910 
1938 
1926 
1920 
1920 
1934 


1 


n-Butane 


2 


iso-Butane 


3 


Ethane 


4 


Ethylene 


5 


Methane 


4 


Methyl amine 


6 


Methyl bromide 

Methyl chloride 

Methyl fluoride 

Propane 


7 

8 

9 

10 


Propene 


11 
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2v. Viscosity of Gases 
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2v-l. Definitions. The viscosity of a fluid is defined in relation to a macroscopic 
system which is 4 assumed to possess the properties of a continuum. To obtain an 
elementary definition of viscosity (Fig. 2v-l) consider two infinite flat plates, a at rest 
and b moving at a constant velocity u, the space between them being filled with the 
fluid under consideration. In the result- 
ing shear flow the velocity distribution is 
linear with a constant transverse gradient 
du/dy. It is assumed (Newton's law of 
fluid friction) that the shearing stress r 
at either wall is proportional to the velocity 
gradient 



yk 



us/us////// 



du 
T * = »dy 



(2v-l) 



'///////.//////{ 




Fig. 2v-1. Illustration of Newton's law of 
fluid friction. 



The coefficient of proportionality n is known 
as the viscosity, or more precisely, as the 
dynamic or absolute viscosity of the fluid. The various units of viscosity and their 
conversion factors are given in Table 2v-l. 
The ratio 



(2v-2) 



is known as the kinematic viscosity; the respective units and conversion factors are 
given in Table 2v-2. 



2-202 



MECHANICS 



« 

8 

55 
O 
02 

(4 
H 



O 

o 

Q 
55 
<J 

B 

►h 

55 



s 

o 
Eh 



CO <N © © <N rH 



o 




o 




l 


jZi 






1-t 


X 


o 




X 


00 


X 


r* 


r ~' 


X 




T* 




o 


X 




<? 


8 


00 






CO 


oo 


»o 


CO 


b- 


CO 


CO 

»o 


o 


o 


^ 


b- rH 

85 


oo 



w XX £ 

oo o 

^ 00 00 rH 

O 00 00 OS CO 

<N <N O b- O 

O t* <N »0 r-l o d 



3 

5 



X o 




Xo ■" 






«-* X 


S x 




<N X 00 


CO 




t^ iO 


»o rH 




H 00M 


CO b- 


o 


>-< © O »0 


c* 


CO 


<N 



rH CO 

00 O HN 00 



Z x 



00 ^ (N 
00 CO CM 00 
t^ OS b. 00 



2 x*x x 

X CO »o CO <N OS 

_ CO CO to 00 CO 

00 00 00 CO 00 i-t 

l> rH C<J b- 1-1 Tt< <N 



OS X 



© rH 

X 



~8 



O N T(l H d 



a 4 i rS s «• 



-a 
B 






3 (S 

OS oS 
45 a» 



£iJ 



03 


a 


T3 




a 


OJ 


m 




43 


o 


m 


a 






js 


T3 




QQ 


PQ 


.S 


a 


-2 


o 


<1 


rH 


* 



VISCOSITY OF GASES 2-203 

Table 2v-2. Kinematic Viscosity v; Units and Conversion Factors 



m 2 /sec 

mVhr 

cmVsec (stokes) 

f t Vsec 

ftVhr 



m 2 /sec 



1 
277.8 X 10"« 
1 X 10-4 
0.092903 
25.806 X 10" 



mVhr 



3,600 
1 

0.36 
334.45 
0.092903 



cm 2 /sec 
(stokes) 



1 X 10* 
2.778 
1 
929.03 
0.25806 



ftVsec 



10.7639 
299.9 X 10-* 

10.7639 X 10-4 
1 
277.8 X lO- 6 



ftVhr 



3.875 X lO 4 
10.7639 
3.875 
3,600 
1 



From British Standard Code B.S. 1042: 1943 amended March, 1946. 

In a general field of flow, u h u 2t u 3 of a homogeneous Newtonian incompressible 
fluid the shearing stresses are proportional to the respective rates of change of strain 
(Stokes' law). The symmetric stress tensor Uj is assumed to be a linear function of the 
rate of strain tensor en. Taking into account that in a fluid at rest the stress is an 
isotropic tensor, we put 

Uj = — pSn + ^dijekk + 2i*en 

where 5» y is the Kronecker symbol (5 = 1 for i = j and 5 = for i ^ j) and p is arbi- 
trary. Since Uj = 0fore t/ = 0, we have k* = -3pand3X + 2/x = 0. Consequently 

(2v-3) 



Uj = —P&i 



— SP&i; 



n kk + 2fxen 



The scalar p is defined as the absolute 



where now p denotes the hydrostatic pressure. 
viscosity of the fluid. 

The viscosity is assumed to be a function of the thermodynamic state of the fluid 
and independent of the velocity field. For a y 

homogeneous fluid n is a function of two properties. 
It is customary to use either of the following 
two alternative representations: 

M - m(p,^) or n = fx( Pf T) 



Fig. 2v-2. Kinetic interpretation of 
viscosity. 



where T is the absolute temperature, p is the 
pressure, and p is the density of the fluid. 

Numerical values of viscosity cannot be cal- 
culated with the aid of the equations of ther- 
modynamics. They must be measured directly, 
the measurement being usually very difficult, 
particularly at higher pressures and temper- 
atures. In principle, values of viscosity can be 
calculated by the methods of the kinetic theory of gases and statistical and quantum 
mechanics. 

In relation to a microscopically defined system the viscosity of a gas is assumed to 
be due to a transfer of momentum effected by molecules, their velocity being com- 
posed of the molecular (random) velocity and the macroscopic (ordered) velocity. 
In shear flow (Fig. 2v-2) the shearing stress acting on a small element of area aa is 
equal to the integral of the change in momentum effected by the particles moving 
across, both from above and from below it, the integral extending over all particles 
crossing. 

2v-2. Variation of Viscosity with Temperature and Pressure. The calculation of 
the viscosity of gases has so far met with only limited success, extensive experimental 
determinations still forming the basis for practical applications. The calculation 
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of the viscosity of gases must make use of a molecular model for the gas, increasing 
refinements being possible. 

On the simplest assumption of infinitely small, perfectly elastic molecules with zero 
fields of force (Maxwell) it is found that the absolute viscosity of a gas is independent 
of pressure and that it increases in proportion to T$: 

M - Kl 1* (&) =0 

\dP/T (2v-4) 

v = K 2 T* p = const 

where Ki and K 2 are empirical constants. 

On the assumption of hard elastic spheres with a weak attraction force (Suther- 
land), it is found that 

KT* 1 

where K and C are empirical constants. Sutherland's equation (2v-5), as well as 
experimental results, show the increase with temperature to be faster than that in 
Maxwell's equation (2v-4). 

This behavior can be understood if it is realized that in gases the effects of molecular 
motion dominate over those due to intermolecular forces. In liquids cohesion forces 
are more important, and since the molecular bonds in a liquid are loosened as the 
temperature is increased, the absolute viscosity of a liquid decreases with temperature; 
that for a gas increases with temperature. 

Sutherland's equation (2v-5) is inadequate for the correlation of experimental data 
over large temperature intervals. A more suitable semiempirical equation was given 
by Keyes : 

a Ti 
M = 1 + ar X 10-i* • < 2v - 6 > 

where a , a } and «i are empirical constants. These have been listed for several gases 
in Table 2v-3. 

In problems of compressible fluid flow it is customary to use the empirical relation 

S = W (2v - 7) 

where ^ is the value of /x at a reference temperature T and co is an empirical constant 
ranging over 0.6 to 1.5. This correlation is less precise than that in Keyes' equation 
(2v-6). 

All preceding formulas relate to gases at low pressures (say, atmospheric). Experi- 
mental results (which are still very scarce) show that the viscosity of gases at constant 
temperature increases with pressure, the increase being of the order of 20 to 40 per 
cent per 1,000 atm. For moderate pressure ranges it is possible to use a linear interpo- 
lation formula 

"7 = 1 + kp (2v-8) 

where n a is the viscosity at temperature T, but at atmospheric pressure, k is an empir- 
ical constant, and p is the excess of pressure over atmospheric. 

In recent times attempts have been made to calculate the viscosity of gases" with 
the aid of the methods of statistical mechanics and to obtain a unified theory with 
that for virial coefficients (see Sec. 4i). The calculations are made on the basis of 
assumed semiempirical force potentials. For nonpolar gases the most widely used 
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potentials have been the Lennard- Jones six-twelve potential, the nine-six potentia 
and the exp-six potential; that used for polar gases is the Stockmeyer potential- 
These methods have not yet met with complete success. 

Table 2v-3. Constants in Keyes' Equation (2v-6) for Several Gases* 



Gas 



Symbol 



a X 10 5 



ai 



Temp, range, 
°K 



Air 

Ammonia 

Argonf 

Carbon dioxide 

Carbon monoxide 

Helium f 

Hydrogenf 

Methane 

Nitric oxidej 

Nitrous oxide 

Nitrogen 

Oxygen 

Steam (water vapor) { 



NH 3 

A 

C0 2 

CO 

He 

H 2 

CH 4 

NO 

N 2 

N 2 

2 

H 2 



1.488 
1.715 

1.554 
1.495 



1.103 
1.587 
1.531 
1.418 
1.739 
1.501 



122. 
667. 



246.0 
143.2 



232.5 
127.6 
239.4 
116.4 
142.0 
446.8 



5 
20 

3 
6 



12.5 

2 
5 
5 




79-1845 
194-680 

198-1686 
80-550 



78-373 

118-300 

185-550 

81-1695 

72-550 

373-873 



* F. G. Keyes, The Heat Conductivity, Viscosity, Specific Heat and Prandtl Number for Thirteen 
Gases, Project SQUID, MIT Tech. Rept. 37, 1952. 

f The viscosity of helium, argon, and hydrogen cannot be represented by Keyes' formula over the 
whole range of temperature with a single set of constants. The respective correlations follow: 



1. Argon, range 55-273°K: 



lOfy 



2.1732'* 



1 + 218.4r X 10~ 14T 

(deviation 2.2 % at 55°K; otherwise about 0.6 % ; max deviation for data by Johnston and Grilly, 0.36 %) 

1.910!T* 



Range 180-1873° K: 



10 5 m = 



1 + 136.6t 



(largest deviation from data by Kopsch 1.5%, 140-294° K) 

0.8487'* 



2. Helium, range 1.64-20°K: 
Range 20-140°K: 

Range 104-373° K: 

3. Hydrogen, range 14-90°K: 
Range 90-550°K: 



10 5 u — 

M 1 + 1.593r 

106 M = 1.722 + 0.6268 log T 
1.8057 7 * 



10 5 m = 
10*m = 
10*m = 



1 -f 253t X 10-«M> r 

0.507 y* 

1 + 21.8t 

0.623 T* 
1 + 70.8r X 10" 17 - 3r 



% Sutherland's formula gives sufficiently good correlation. 

2v-3. Mixtures of Gases. The viscosity of a gaseous mixture cannot be deduced 
from the knowledge of its composition and of the viscosities of its components by- 
macroscopic methods, and methods of statistical mechanics must be used. In any 
case it should be noted that the viscosity of a mixture is not equal to the weighted 
mean of the viscosity of its components, it being possible for the viscosity of a mixture 
to be higher than that of its components. For example, a mixture of argon (jua = 
222 X 10~ 6 poise) and helium (/iHe = 195 X 10~ 6 poise) containing 40 per cent He 
and 60 per cent A has a viscosity of /* = 230 poises. 
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On the simplest assumptions the viscosity of a mixture is a measure of the sum of the 
momenta contributed by each molecular species on crossing an elementary surface aa 
(Fig. 2v-2). From this it is found that 

— — — — (2v-9) 






where m denotes the volumetric (molar) concentrations, Mi the molecular weights, 
Si is the equivalent cross section for collisions within a species, and Sij is that between 
species. 

In the case of binary mixtures this leads to 

_ /*i _i M2 (cy in v 

" 1 + *u(n,/m) "*" 1 + €«(ni/n,) {ZV ' W) 

where the two factors £12 and £ 2 i can be interpreted as empirical constants. They are 
independent of composition and characteristic of the pair of gases. 

A more complete analysis due to Chapman leads to a formula with four adjustable 
constants ah 2 , «i, a 2 , b: 

aini Vi + W1W2M12 H~ a 2 n2 2 M2 , n 11N 

H = , j - — (2v-ll) 

cini 2 + 6/iin 2 + a 2 ri2 2 

With the meager experimental data available at present a definite choice between 
the two formulas is not possible. For practical purposes the following simple quad- 
ratic formula containing one empirical constant may be used: 

n = Wi + n 2 

2v-4. Tables of Viscosity. The variation of the viscosity of several gases at low 
pressure with temperature has been correlated by Keyes (1952) and the results are 
given in Table 2v-3. Table 2v-4 contains the best available data on the absolute 
viscosity n of gases at 20 °C and atmospheric pressure together with temperature 
increment (A/z)r and the pressure increment (A/Op at that point. Table 2v-5 lists 
the same values for the kinematic viscosity v with the values of density p from Sec. 2u. 
The values have been carefully selected in each case, either mean values or preferred 
values having been chosen depending on the merits of the available experimental 
material. The estimated uncertainties are also based on a critical assessment of 
available data and are, to a certain extent, arbitrary. Experimental results for both 
high pressures and temperatures are, for all intents and purposes, nonexistent. 

The dynamic and kinematic viscosity of steam is given in Tables 2v-6 and 2v-7. 
At present large discrepancies between measured values at higher pressures and 
temperatures still exist, discrepancies reaching values of just over 60 per cent. The 
values quoted in the tables are those measured by Timroth et al., and interpolated by 
Vukalovitch (1951). The values for steam in Table 2v-6 are well represented by the 
formula 

n = Sua (2v-13) 

where ^ is the viscosity at temperature T and zero pressure. This in turn can be 
calculated with reference to the ice-point viscosity /x with the aid of Sutherland's 
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Table 2v-5. Kinematic Viscosity v of Gases in Stokes (cm 2 /sec)* 
(At 20°C and 1 atm) 



Gas 



Acetylene 

Air 

Ammonia 

Argon 

Isobutane 

n-Butane 

Carbon dioxide 

Carbon monoxide . 

Chlorine 

Ethane 

Ethylene 

Helium 

Hydrogen 

Krypton 

Methane 

Methyl chloride. . . 

Neon 

Nitric oxide 

Nitrogen 

Oxygen 

Nitrous oxide 

Xenon 



Symbol 



C 2 H 2 



NH 3 

A 

C4H10 

C4H10 

CO2 

CO 

Ch 

C 2 He 

C 2 H 4 

He 

H2 

Kr 

CHi 

CH3CI 

Ne 

NO 

N 2 

o 2 

N 2 
Xe 



v X 10' 
stokes 



79. 
150. 
135 
133 

30 

33. 

79. 
150. 

44. 

71. 

85. 
1,176. 
1,053. 

71. 
163. 

49. 
370. 
151 
149 
179 

79 

41 



71(0°C) 
46 
58 
96 
03 
50 
42 
60 
40 
99 
18 
50 
70 
77 
17 
77 
90 
.96 
.96 
73 
00 
19 



Estimated 

uncertainty 

±Av X 103 

stokes 



0.08 
4.00 
0.91 



0.81 
0.086 



0.63 

3.0 
1.2 

1.95 

3.57 
0.08 
0.35 
0.35 



Temp 
increment 
(Av)r X 103 

stoke8/°C 



0.909 

1.044 

0.843 

0.198 

0.232 

0.516 

0.924 

0.302 

0.464 

0.989 

7.035 

6.037 

0.457 

1.056 

0.367' 

2.113 

0.942 

0.904 

1.124 

0.528 

0.273 



Pressure f 
increment 
(Av)p X 103 
stokes/atm 



-150.26 
-133.69 

-79.23 



-1,174.25 
-1,052.97 



-149.76 



* The values of kinematic viscosity v in this table have been obtained by dividing the values of abso- 
lute viscosity m from Table 2v-4 by the values of density p from the tables in Sec. 2u. 

f Since the rate of change of v with P is large near 1 atm, these corrections are valid for small pressure 
increments only. 

formula 



1 + (C/273) ^ [¥ 

Ha - MO x + (( nr /r) \ 273 

mo = 8.17 X 10" 15 poise and C = 961°K 
The pressure factor £ in Eq. (2v-13) can be taken for superheated steam: 

1 



* ~ (1 -b/v)* 

b - 2.1 « - 120) X 10~ 6 



For saturated steam: 



* = 



1 



(2v-14) 



(2v-15) 



(2v-16) 



0.955 - 0.00142/*; 

where v is the specific volume in dm 3 /g, and t is in degrees centigrade. 

The alternative values due to Sibbitt et al. can be represented by Keyes' empirical 
formula 

M = Mo + (0.0151 - 5.9 X 10" 5 p)p X 10" 4 (2v-l7) 

where /u, fj. a is in poises and p in atmospheres. The value of i* a at low pressure may 
be taken from Keyes' equation (2v-6) with 

a - 1.851 X 10" 5 
a = 680.1 

a t - 

which differs somewhat from that given in Table 2v-3. 
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Table 2v-6. Viscosity of Water and Superheated Water Vapor 

(TlMROTH-VUKALOVITCH, 1951*) 

(10 8 X m poise; pressure p, kg/cm 2 ) 



t, °c 


p = 1 


V = 20 


p = 40 


p = 60 


p = 80 


p = 10( 


) p = 150 p = 200 p = 250 p = 300 , on 

M M H H *' U 


100 
110 
120 
130 
140 


12.08 
12.48 
12.87 
13.27 
13.66 


282.5 
254.1 
230.5 
211.9 
197.2 


283.5 
255.0 
231.5 
212.9 
198.2 


284.5 
256.0 
232.5 
213.9 
199.1 


285.5 
257.0 
233.5 
214.8 
201.1 


287.4 
259.0 
235.4 
216.8 
202.1 


290.4 
261.9 
238.4 
219.7 
204.0 


294.3 
264.9 
241.3 
222.7 
207.0 


298.2 
269.8 
246.2 
226.6 
210.9 


304.1 
272.7 
248.2 
229.6 
213.9 


100 
110 
120 
130 
140 


150 
160 
170 
180 
190 


14.06 
14.46 
14.86 
15.25 
15.65 


184.4 
172.7 
162.8 
154.0 
146.2 


185.4 
173.6 
163.8 
155.0 
146.2 


186.4 
174.6 
163.8 
155.0 
147.2 


188.4 
176.6 
165.8 
156.0 
148.1 


190.3 
177.6 
166.8 
157.0 
148.1 


191.3 
179.5 
168.7 
158.9 
150.0 


194.2 
181.5 
169.7 
159.9 
151.1 


197.2 
184.1 
172.6 
161.9 
153.0 


200.1 
187.4 
175.6 
164.8 
155.0 


150 
160 
170 
180 
190 


200 
210 


16.05 
16.45 
16.84 
17.24 
17.63 

18.03 
18.43 
18.82 
19.22 
19.61 

20.00 
20.40 
20.79 
21.18 
21.57 

21.96 
22.35 
22.74 
23.13 
23.52 


138.3 
131.4 


138.3 
131.5 
125.6 
119.6 
114.8 


139.3 
132.4 
126.5 
120.7 
115.8 

110.9 
105.9 
102.0 


140.3 
133.4 
126.5 
120.7 
115.8 

110.9 

106.9 

102.0 

98.1 

95.2 


140.3 
134.4 
127.5 
121.6 
116.7 

111.8 

106.9 

103.0 

99.1 

95.2 

92.2 


142.2 
135.4 
128.5 
122.6 
117.7 

112.8 
107.9 
104.0 
100.1 
96.1 

93.2 
90.3 
86.3 
82.4 
77.5 


143.2 
136.4 
129.5 
123.6 
118.7 

113.8 
108.9 
105.0 
101.0 
98.1 

94.2 
91.2 
88.3 
84.4 
79.5 

73.6 
67.7 


145.2 
137.3 
130.5 
124.6 
119.7 

114.8 
109.9 
105.9 
102.0 
99.1 

95.2 
92.2 
89.3 
85.3 
81.4 

76.5 
72.5 
65.7 
53.0 
33.3 


146.2 
139.3 
132.4 
126.5 
120.7 

115.8 
110.9 
106.9 
103.0 
100.1 

97.1 
94.2 
91.2 
88.3 
84.4 

80.4 
75.5 
70.6 
64.7 
55.9 


200 
210 


220 
230 
240 


16.90 
17.31 
17.71 

18.11 
18.51 
18.91 
19.31 
19.71 

20.11 
20.51 
20.91 
21.31 
21.71 

22.10 
22.50 
22.89 
23.29 
23.68 


220 
230 
240 


250 
260 
270 


18.21 
18.62 
19.02 
19.43 
19.84 

20.24 
20.65 
21.05 
21.45 
21.85 

22.25 
22.66 
23.06 
23.46 
23.86 


250 
260 
270 


280 
290 


19.58 
19.98 

20.39 
20.80 
21.21 
21.62 
22.02 

22.43 
22.84 
23.25 
23.65 
24.06 


280 
290 


300 


20.59 
21.00 
21.40 
21.81 
22.22 

22.63 
23.04 
23.45 
23.86 
24.27 


300 


310 
320 
330 
340 


22.00 
21.65 
22.06 
22.46 

22.86 
23.28 
23.69 
24.10 
24.51 


310 
320 
330 
340 


350 
360 


23.77 
24.12 
24.49 
24.88 
25.27 


350 
360 


370 
380 
390 


27.86 
27.27 
26.50 


370 
380 
390 


400 
410 
420 
430 
440 


23.90 
24.29 
24.68 
25.06 
25.45 


24.07 
24.46 
24.86 
25.24 
25.63 


24.26 
24.66 
25.06 
25.45 
25.85 


24.46 
24.87 
25.27 
25.67 
26.07 


24.68 
25.09 
25.50 
25.91 
26.32 


24.93 
25.34 
25.75 
26.16 
26.58 


25.68 
26.09 
26.50 
26.92 
27.33 


26.80 
27.15 
27.53 
27.91 
28.32 


31.4 

30.4 

29.10 

29.36 

29.67 


45.1 

38.3 

36.30 

34.34 

33.35 


400 
410 
420 
430 
440 


450 
460 
470 
480 
490 


25.83 
26.21 
26.59 
26.97 
27.35 


26.02 
26.41 
26.80 
27.19 
27.57 


26.24 
26.64 
27.03 
27.42 
27.81 


26.47 
26.87 
27.28 
27.67 
28.07 


26.72 
27.13 
27.53 
27.94 
28.34 


26.99 
27.40 
27.81 
28.22 
28.63 


27.75 
28.17 
28.50 
29.01 
29.43 


28.72 
29.13 
29.55 
29.97 
30.39 


30.00 
30.37 
30.76 
31.16 
31.57 


33.35 
33.35 
32.38 
32.70 
33.06 


450 
460 
470 
480 
490 


500 
510 
520 
530 
540 


27.73 
28.11 
28.48 
28.86 
29.24 


27.96 
28.34 
28.72 
29.11 
29.49 


28.20 
28.59 
28.98 
29.37 
29.76 


28.47 
28.86 
29.26 
29.65 
30.05 


28.75 
29.15 
29.55 
29.96 
30.36 


29.04 
29.44 
29.85 
30.26 
30.67 


29.85 
30.27 
30.69 
31.12 
31.54 


30.82 
31.24 
31.66 
32.09 
32.52 


31.99 
32.42 
32.84 
33.27 
33.71 


33.43 
33.84 
34.25 
34.68 
35.10 


500 
510 
520 
530 
540 


550 
560 
570 
580 
590 


29.61 
29.98 
30.35 
30.73 
31.10 


29.87 
30.25 
30.63 
31.01 
31.39 


30.15 
30.54 
30.93 
31.32 
31.71 


30.45 
30.84 
31.24 
31.64 
32.03 


30.77 
31.17 
31.58 
31.98 
32.38 


31.08 
31.50 
31.91 
32.32 
32.73 


31.96 
32.39 
32.82 
33.25 
33.68 


32.96 
33.40 
33.85 
34.29 
34.73 


34.15 
34.59 
35.03 
35.48 
35.93 


35.53 
35.96 
36.40 
36.84 
37.28 


550 
560 
570 
580 
590 


600 
610 
620 
630 
640 


31.47 
31.84 
32.20 
32.57 
32.94 


31.77 
32.14 
32.51 
32.89 
33.26 


32.09 
32.47 
32.85 
33.23 
33.61 


32.42 
32.81 
33.20 
33.59 
33.97 


32.78 
33.17 
33.56 
33.95 
34.35 


33.14 
33.54 
33.94 
34.34 
34.73 


34.10 
34.52 
34.93 
35.35 
35.76 


35.17 
35.60 
36.03 
36.46 
36.89 


36.37 
36.81 
37.25 
37.69 
38.13 


37.72 
38.17 
38.61 
39.06 
39.50 


600 
610 
620 
630 
640 


650 
660 
670 
680 
690 


33.31 
33.67 
34.03 
34.39 
34.75 


33.63 
34.00 
34.37 
34.74 
35.11 


33.99 
34.37 
34.74 
35.11 
35.49 


34.36 
34.74 
35.12 
35.50 
35.88 


34.74 
35.13 
35.52 
35.90 
36.29 


35.13 
35.53 
35.92 
36.31 
36.71 


36.17 
36.58 
36.99 
37.40 
37.81 


37.32 
37.74 
38.17 
38.59 
39.01 


38.57 
39.00 
39.44 
39.88 
40.32 


39.95 
40.40 
40.85 
41.30 
41.75 


650 
660 
670 
680 
690 


700 


35.11 1 


35.47' 


35.86 1 


36.26 1 


36.67 


37.10 


38.22' 


39.43 


40.75 


42.20 


700 



* Measured by Timroth, interpolated by Vukalovitch, "Thermodynamic Properties of Water and 
Water Vapor, Moscow, 1951, translation by General Electric Company, Schenectady, 1954. 
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Table 2v-7. Kinematic Viscosity of Water and Superheated Water 

Vapor (Timroth-Vukalovitch, 1951*) 

(10 2 X v cm 2 /sec ; pressure p kg/cm 2 ) 



100 
no 

120 
130 
140 

150 
160 
170 
180 
190 

200 
210 
220 
230 
240 

250 
260 
270 
280 
290 

300 
310 
320 
330 
340 

350 
360 
370 
380 
390 

400 
410 
420 
430 
440 

450 
460 
470 
480 
490 

500 
510 
520 
530 
540 



550 


114.6 


560 


117.5 


570 


120.4 


580 


123.3 


590 


126.2 


600 


129.2 


610 


132.3 


620 


135.3 


630 


138.4 


640 


141.5 


650 


144.6 


660 


147.8 


670 


151.0 


680 


154.2 


690 


157.4 



20.90 
22.23 
23.55 
24.92 
26.31 

27.77 
29.25 
30.77 
32.31 
33.90 

35.53 
37.21 
38.90 
40.63 
42.40 

44.21 
46.07 
47.93 
49.88 
51.81 

53.80 
55.83 
57.88 
59.98 
62.12 

64.28 
66.49 
68.72 
70.96 
73.26 

75.60 
77.97 
80.38 
82.80 
85.31 

87.80 
90.32 
92.88 
95.47 
98.10 

100.8 
103.5 
106.2 
109.0 
111.8 



20 



700 



0.295 
0.267 
0.244 
0.226 
0.213 

0.201 
0.190 
0.182 
0.174 
0.167 

0.160 
0.154 



40 



160.7 



1.763 
1.864 
1.962 

2.061 
2.162 
2.263 
2.365 
2.470 

2.576 
2.683 
2.789 
2.898 
3.009 

3.120 
3.235 
3.353 
3.472 
3 . 590 

3.712 
3.833 
3.958 
4.081 
4.208 

4.337 
4.469 
4.602 
4.734 
4.866 

5.005 
5.144 
5.284 
5.426 
5 . 568 

5.714 
5.862 
6.012 
6.164 
6.316 

6.468 
6.621 
6.776 
6.933 
7.091 



251 
412 
575 
740 
906 



0.296 
0.268 
0.245 
0.227 
0.214 

0.202 
0.191 
0.182 
0.174 
0.167 

0.160 
0.154 
0.149 
0.145 
0.141 



0.928 
0.987 
1.045 
1.103 
1.161 



60 



8.073 



1.219 
1.277 
1.334 
1.392 
1.450 

1.509 
1.570 
1.630 
1.692 
1.754 

1.817 
1.881 
1.945 
2.010 
2.076 

2.142 
2.209 
2.277 
2.346 
2.416 

2.486 
2.557 
2.630 
2.703 
2.777 

2.851 
2.927 
3.003 
3.080 
3.158 

3.236 
3.315 
3.394 
3.474 
3.555 

3.637 
3.720 
3.803 
3.887 
3.972 

4.057 



0.297 
0.269 
0.246 
0.228 
0.215 

0.204 
0.192 
0.182 
0.174 
0.167 

0.161 
0.155 
0.150 
0.145 
0.141 

0.138 
0. 135 
0.133 



80 



0.667 
0.712 

0.757 
0.800 
0.843 
0.886 
0.928 

0.970 
1.012 
1.055 
1.098 
1.141 

1.185 
1.230 
1.274 
1.319 
1.364 

1.410 
1.456 
1.504 
1.551 
1.599 

1.647 
1.695 
1.744 
1.794 
1.844 

1.895 
1.947 
2.000 
2.053 
2.106 

2.159 
2.213 
2.267 
2.322 
2.377 

2.433 
2.489 
2.546 
2.603 
2.660 

2.718 



0.298 
0.269 
0.247 
0.229 
0.216 

0.205 
0.194 
0.184 
0.175 
0.168 

0.161 
0.156 
0.150 
. 145 
0.141 

0.138 
0.136 
0.133 
0.131 
0.129 



100 



0.515 
0.553 
0.590 
0.626 
0.661 

0.696 
0.731 
0.765 
0.799 
0.833 

0.867 
0.902 
0.937 
0.972 
1.007 

1.043 
1.079 
1.115 
1 . 152 
1.189 

1.226 
1.264 
1.302 
1.340 
1.378 

1.417 
1.457 
1.498 
1.539 
1.580 



621 
662 
703 
745 
788 



1.830 
1.873 
1.917 
1.961 
2.005 

2.049 



0.299 
0.271 
0.248 
0.230 
0.217 

0.206 
0.195 
0.185 
0.176 
0.168 

0.162 
0.156 
0.151 
0.146 
0.142 

0.139 
0.136 
0.133 
0.131 
0.129 

0.128 



0.410 
0.430 
0.464 
0.496 

0.527 
0.558 
0.588 
0.617 
0.646 

0.676 
0.705 
0.734 
0.763 
0.793 

0.822 
0.852 
0.882 
0.912 
0.942 

0.973 
1.004 
1.035 
1.067 
1.098 



150 



131 
163 
196 
.230 



1.264 

1.298 
1.331 
1.365 
1.399 
1.434 

1.469 
1.504 
1.540 
1.576 
1.612 

1.648 



0.301 
0.273 
0.251 
0.233 
0.219 

0.207 
0.196 
0.186 
0.177 
0.169 

0.163 
0.157 
0.151 
0.147 
0.143 

0.139 
0.136 
0.133 
0.131 
0.129 

0.128 
0.128 
0.127 
0.127 
0.127 



0.285 
0.315 
0.342 
0.367 
0.391 

0.414 
0.437 
0.459 
0.482 
0.504 

0.526 
0.548 
0.570 
0.592 
0.614 

0.635 
0.658 
0.680 
0.702 
0.725 

0.748 
0.771 
0.795 
0.819 
0.843 

0.867 
0.891 
0.915 
0.939 
0.964 

0.988 
1,013 
1.038 
1.063 
1.088 

1.114 



200 



0.304 
0.276 
0.254 
0.236 
0.221 

0.208 
0.198 
0.187 
0.178 
0.171 

0.163 
0.157 
0.152 
0.147 
0.143 

0.139 
0.136 
0.133 
0.131 
0.130 

0.128 
0.128 
0.127 
0. 127 
0.126 

0.123 
0.125 



250 



0.208 
0.237 
0.254 

0.277 
0.298 
0.318 
0.337 
0.356 

0.375 
0.394 
0.412 
0.430 
0.448 

0.466 
0.484 
0.502 
0.520 
0.538 

0.557 
0.575 
0.594 
0.613 
0.632 

0.652 
0.671 
0.690 
0.709 
0.728 

0.748 
0.768 
0.788 
0.808 
0.828 

0.848 



0.308 
0.280 
0.258 
0.240 
0.225 

0.212 
0.200 
0.189 
0.180 
0.172 

0.165 
0.158 
0.152 
0.147 
0.143 

0.139 
0.136 
0.133 
0.131 
0.13 

0.13 
0.13 
0.13 
0.13 
0.12 

0.12 

0.12 

0.123 

0.135 

0.171 

0.200 
0.218 
0.229 
0.248 
0.266 

0.284 
0.301 
0.317 
0.333 
0.348 

0.364 
0.380 
0.395 
0.411 
0.426 

0.442 
0.458 
0.474 
0.490 
0.506 

0.523 
0.539 
0.556 
0.572 
0.588 

0.604 
0.621 
0.638 
0.655 
0.672 

0.689 



300 



0.313 
0.283 
0.260 
0.242 
0.227 

0.215 
0.202 
0.191 
0.181 
. 172 

0.165 
0.159 
0.154 
0.149 
0.144 

0.140 
0.136 
0.133 
0.131 
0.13 

0.13 
0.13 
0.13 
0.13 
0.13 

0.12 
0.12 
0.12 
0.12 
0.126 

0.136 
0.164 
. 188 
0.202 
0.217 

0.232 
0.247 
0.253 
0.268 
0.283 

0.297 
0.311 
0.324 
0.338 
0.353 

0.367 
0.381 
0.395 
0.409 
0.423 

0.438 
0.452 
0.466 
0.480 
0.495 

0.509 
0.524 
0.538 
0.553 
0.568 

0.583 



♦Measured by Timroth, interpolated by Vukalovitch, ••Thermodynamic Properties of Water and 
Water Vapor," Moscow, 1951, translation by General Electric Company, Schenectady, 1954. 



2w. Diffusion of Gases 

R. C. ROBERTS 
Naval Ordnance Laboratory 



-5( o S)+5(*s)+S0>£) 



In the simple diffusion of one gas into another, the concentration of either com- 
ponent obeys the equation 

dC _ d /^ac\ . d 
dt 

where C = concentration of gas 
t = time 
x, y, z = position coordinates 
D = diffusion coefficient 
Although the diffusion coefficient is, in general, a function of temperature, pressure 
and concentration, it can often be considered as constant provided the variations of 
temperature, pressure, etc., are small. The usual cgs units for the diffusion coefficient 
are cm 2 /sec. 

The elementary kinetic theory of gases shows that, for a two-component mixture, 
n _ 1 7iiX 2 C 2 -f- n 2 XiCi 

""-3 nT+^t (2w-2) 

where ni, 2 = molecular density 
Xi,2 = mean free path 
Ci,2 = average velocity 
The more exact theories show a quite complicated behavior for D. For example 
in a model consisting of rigid elastic spheres 

8(^+712)^4 2wm 1 m % J (2w " 3 ) 

where mi >2 = mass of molecule 

wi,2 = number of molecules per cu cm 
T — absolute temperature 
<r r = effective molecular collision diameter 
k — Boltzmann's constant 
For most gases a convenient reduction formula may be given to reduce the diffusion 
coefficient to standard temperature T and pressure p. It is 

*-*(£)"? (2w-4) 

where n varies between 1.75 and 2. This is reasonably valid over -a range of normal 
temperature and pressure. 

The following tables contain data on the diffusion coefficients for a number of gases 
and vapors. In Table 2w-l values of n are given (if known) so thatEq (2w-4) may 
be used to convert the coefficients to other than standard temperature and pressure. * 

* Continued on p. 2-214. 
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Table 2w-1. Diffusion Coefficients Do at Standard Temperature and 

Pressure 
(p = 760 mm Hg; T = 273°K) 



Gas pair 



H2O-CO2 

H 2 0-air 

H 2 0-H 2 

Ethyl alcohol-C0 2 
Ethyl alcohol-air . . 
Ethyl alcohol-H 2 . . 
Ethyl ether-C0 2 .. 
Ethyl ether-air — 
Ethyl ether-H 2 ... 

Benzene-0 2 

Benzene-H 2 

CCl 4 -0 2 

CC1 4 -H 2 

Acetone-H 2 

Mercury-N 2 . ...... 

Iodine-N 2 

Iodine-air 

He-A 

H 2 -D 2 

H 2 -0 2 

H 2 -N 2 

H 2 -CO 

H 2 -00 2 

H 2 -CH4 

H 2 -S0 2 

H 2 -N 2 

H 2 -C 2 H4 

H 2 -A 

2 -N 2 

o 2 -co 

2 -C0 2 

CO-N 2 

CO-C0 2 

CO-C 2 H 4 

C0 2 -N 2 

C0 2 -CH 4 

C0 2 -N 2 

H 2 -air 

2 -air 

C0 2 -air 

CH 4 -air 

A-N 2 

A-0 2 

A-C0 2 



Do, cm 2 /sec 


n 


0.1384 


2 


0.219 


1.75 


0.747 


1.75 


0.0686 


2 


0.099 


2 


0.377 


2 


0.0541 


2 


0.0786 


2 


0.299 


2 


0.0797 


1.75 


0.318 


1.75 


0.0636 




0.293 




0.361 




0.1190 


2 


0.070 


2 


0.0692 . 


2 


0.641 


1.75 


1.20 




0.697 


1.75 


0.674 


1.75 


0.651 


1.75 


0.550 


1.75 


0.625 


1.75 


0.480 


1.75 


0.535 


1.75 


0.625 


1.75 


0.77 (20°C) 




0.181 


1.75 


0.185 


1.75 


0.139 


2 


0.192 




0.137 


1.75 


0.116 


1.75 


0.144 




0.153 


1.75 


0.096 




0.611 


1.75 


0.178 


1.75 


0.138 


2 


0.196 




0.20 (20°C) 




0.20 (20°C) 




0.14 (20°C) 





DIFFUSION OF GASES 2-213 

Table 2w-2. Dependence of Diffusion Coefficients on Concentration 



Pair of gases 


ni/n,2 


Dl2 


First gas H 2 ; second gas C0 2 


3 


0.594 




1 


0.605 




i 


0.633 


First gas He; second gas A 


2.65 


0.678 




2.26 


0.693 




1.66 


0.696 




1 


0.706 




0.477 


0.712 




0.311 


0.731 



Table 2w-3. Dependence of Diffusion Coefficient on Pressure 



Gas pair 


D, cm 2 /sec 


t, °C 


p, mm Hg 


Dp 
760 


C02-air 


0.1653 
0.3376 
0.4139 
0.6142 
0.9184 
0.8012 
1.1718 


17.6 
15.2 
15.7 
12.8 
15.4 
11.4 
15.8 


751 
364 
309 
757 
510 
748 
512 


0.163 
0.162 
0.164 
0.612 
0.616 
0.790 
0.791 


C02-air 


C02-air 


C0 2 -H 2 




H2-O2 


H 2 -0 2 





Table 2w-4. Coefficients of Self-diffusion* 



Gas 



Hydrogen (para-hydrogen 
into ortho-hydrogen) 

Deuterium into hydrogen 

Neon 

Argon 



Krypton 
Xenon 
Nitrogen 

Methane (p = 60 mm Hg) 
Hydrogen chloride 
Hydrogen bromide 
Uranium hexafluoride 
(p = 10 mm Hg) 




D, cm 2 /sec, experimental 

1.285 ± 0.0025 
0.172 ± 0.008 
0.00816 ± 0.0002 
1.24 

0.473 ± 0.002 
0.212 ± 0.002 
0.180 ± 0.001 
0.158 + 0.002 
0.0833 ± 0.0009 
0.028 ± 0.0010 
0.09 ± 0.004 
0.0443 + 0.002 
0.200 ± 0.008 
26.32 ± 0.73 
0.1246 
0.0792 
D X P = (234 ± 9) X 10"« g/cm X sec 



" p - 760 mm Hg except where noted. 
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Tables 2w-2 and 2w-3 give certain data on the variation of D with pressure and con- 
centration. Table 2w-4 gives some of the latest data on self -diffusion. 

Chapman and Cowling 1 should be consulted for the advanced theory. A good 
bibliography may be found in Jost. 2 
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2x. Compressible Flow of Gases 

R. €. ROBERTS 
Naval Ordnance Laboratory 



2x-l. Basic Equations in Rectangular Coordinates. The basic equations of motion 
for a compressible inviscid gas may be written as follows. 

Momentum Equation. By applying Newton's laws of motion the Euler momentum 
equation may be derived in the form 

du , du . du du_-ldp, x 

dv, w dv +v dv +w d ^^^l^ + Y (2x-l) 

dt + W dx ^ dy ^ W dz P dy 
dw , dw „ dw dw _ ^ dp z 

where x, y, z = rectangular coordinates 
t = time 
u,v,w = velocity components in the direction of the x, y, and z axes, respec- 
tively 
p = pressure 
p = density 
X, Y, Z = rectangular components of external body force 
i S Chapman and T. G. Cowling, "The Mathematical Theory of Non-uniform Gases," 
C ^t g : t ^ Academic Press, Inc., New York, 1952. 
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Continuity Equation. The assumption that the gas is a continuous medium is 
expressed by the equation 

Equation of State. For a perfect gas the relation between the pressure p, density p, 
and temperature T is 

V = P RT (2x-3) 

In the case of isentropic flow the pressure depends only on the density, as follows: 

V = K p y (2x-4) 

where K is a constant and y = C p /C v is the ratio of the specific heat at constant 
pressure to the specific heat at constant volume. 

Energy Equation. In the case of isentropic flow, the equation of state together 
with the momentum and continuity equations are sufficient to determine completely 
the flow. An important type of nonisentropic flow is characterized by the fact that 
the entropy S of each fluid particle remains constant but may vary from particle to 
particle. This is expressed by the equation 



dS , dS , dS , dS n 
at dx dy dz 



m+"m + "H£)+»m-° -« 



2x-2. Dynamic Similarity and Definition of Basic Flow Parameters. In the testing 
of scale models, it is necessary to maintain a proper scaling of certain dynamic param- 
eters in addition to the geometric scaling. For compressible inviscid flow there is 
only a single dynamic dimensionless parameter, the Mach number. 

Definition of Mach Number. The local Mach number is defined as the ratio of the 
local flow velocity q to the local sound velocity a, i.e., 

AT--2- (2x-6) 

a 

Thus in a nonuniform flow the Mach number will vary from point to point. It 
should be noted that when M < 1, the flow velocity is less than the velocity of sound 
and there is subsonic flow. In the case M > 1 there is supersonic flow. If there is a 
region of flow in which the Mach number is close to one, M c^ 1, then the flow is said 
to be transsonic. 

Dynamic Similarity. If the flows around two geometrically similar bodies are con- 
sidered, it might be expected that the resulting flow pattern, e.g., the configuration 
of the streamlines, would also be similar. This last condition is satisfied for a com- 
pressible inviscid flow provided the Mach numbers of the two flows are equal. It 
then follows that all other dimensional coefficients such as drag coefficient and pressure 
coefficient are also equal. 

In determining the Mach number in a flow it is necessary to know not only the 
flow velocity but the sound velocity as well. For a perfect gas the sound velocity is 
proportional to the square root of the temperature, i.e., 



a - VyRT 
Table 2x-l is based on this relationship. 
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2x-3. Basic Idea of One-dimensional Flow. In many cases, as in a pipe of slowly 
varying cross section, it is possible to make the assumption of constant flow properties 
across any cross section perpendicular to the pipe axis. Although strictly speaking 
there are no one-dimensional flows, because of viscous effects on the boundaries, 
it is still possible to get much valuable information of a practical nature from the 
assumptions. 

Table 2x-1. Variation of Velocity of Sound with Temperature 



T, °K 


a, fps 


a, m/sec 


150 


805 


246 


160 


832 


254 


170 


857 


261 


180 


882 


269 


190 


907 


276 


200 


930 


283 


210 


953 


290 


220 


975 


297 


230 


997 


304 


240 


1,019 


311 


250 


1,040 


317 


260 


1,060 


323 


270 


1,081 


329 


280 


1,100 


335 


290 


1,120 


341 


300 


1,139 


347 


310 


1,158 


353 


320 


1,176 


359 


330 


1,195 


364 


340 


1,213 


370 


350 


1,230 


375 



Basic Equations. Making the assumption of isentropic flow the equations of 
motion are 



du , du ldp . . 



S + zs<"^-° 



(continuity) 



(2x-7) 
(2x-8) 



where A = cross-sectional area. For unsteady one-dimensional flow in general and 
in particular for an excellent treatment of flow in pipes of constant area see ref. 3. 
The above equations also cover the case of cylindrical and spherically symmetric 
flow, i.e., 

IdA = 1 
A dx x 
IdA = 2 
A dx x 



(for cylindrical flow) 

(for spherically symmetric flow) 



In the important case of steady flow the equation can be integrated to give 

— — . ° + - u 2 — const 
y — 1 p Z 



puA = m = const 



(2x-9) 
(2x-10) 
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where m = mass flow. By taking logarithmic derivatives and remembering the 
definition of the Mach number M, the continuity equation may be written 

^ (1 - M*) + ^ = (2x-ll) 

Thus, if du t* and M = 1, we see that dA = 0. In other words, the Mach number 
becomes equal to unity only in a section of the pipe where the area is a minimum. 
This fact is of prime importance in the design of supersonic wind tunnels. 

The dependence of the various flow variables on the Mach number for steady one- 
dimensional isentropic flow is given in Table 2x-2. 

Velocity Potential and Stream Function. In many important flow problems it is 
convenient to introduce the velocity potential and stream functions. The velocity 
potential exists whenever there is a state of irrotational flow, i.e., the velocity com- 
ponents satisfy the equations 

£-|?-0 ^-^ = f"-^ = (2x-12) 

dy dz dx dz dx dy v ' 

Then the velocity components u, v, w can be expressed as the components of the 
quotient of the velocity potential <f>. Thus 

The equation of motion may be reduced to the single equation for <f>, 

*.(l -$) +*.(! "SO +*■(! -£) -^^-^"-t 

-2<f> xy *^=0 (2x-14) 
where a 2 = 7 -^ L (gw x 2 - 4>* 2 - 4> y 2 - 4>z 2 ) 

and ^max is the velocity with which the gas flows into a vacuum. 

For two-dimensional steady flow or for three-dimensional axially symmetric steady 
flow a stream function \p may be introduced. In two-dimensional flow 

u = -$ y v = 4> x (2x-15) 

P 9 

If cylindrical coordinates (x,r,0) are used and the flow is independent of 0, then the 
function ^ may be defined by 

u = — t r V = xj/ x (2x-16) 

pr P r v ' 

Note t hat u a nd v are now the velocity components in the x and r directions and 
r = Vy 2 + z*. 

2x-4. Two-dimensional and Axially Symmetric Flow. Many important types of 
flow belong to the class of two-dimensional or axially symmetric flows. These include 
flows past wedges, cones, bodies of revolution, etc. The important distinctions to be 
made are those between subsonic and supersonic flow. Purely subsonic flow is 
qualitatively quite similar to incompressible flow, while supersonic flow exhibits many 
startlingly different properties. Among these are the appearance of shock waves 
(see Sec. 2z) and the existence of wave fronts. A general discussion of the above 
topics may be found in ref . 3. 
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Table 2x-2. Dependence of Flow Variables on Mach Number for 
One-dimensional Isentropic Flow* 



M 


p/po 


u/ao 


A/A* 


pu 2 /2po 


pu/poao 


p/po 


T/To 


o/oo 


0.0 


1.00000 


0.00000 


00 


0.00000 


0.00000 


1.00000 


1.00000 


1.00000 


0.1 


0.99303 


0.09990 


5.822 


0.00695 


0.09940 


0.99502 


0.99800 


0.99900 


0.2 


0.97250 


0.19920 


2.9635 


0.02723 


0.19528 


0.98028 


0.99206 


0.99602 


0.3 


0.93947 


0.29734 


2.0351 


0.05919 


0.28437 


0.95638 


0.98232 


0.99112 


0.4 


0.89561 


0.39375 


1.5901 


0.10031 


0.36393 


0.92427 


0.96899 


0.98437 


0.5 


0.84302 


0.48795 


1.3398 


0.14753 


0.43192 


0.88517 


0.95238 


0.97590 


0.6 


0.78400 


0.57950 


1 . 1882 


0.19757 


0.48704 


0.84045 


0.93284 


0.96583 


0.7 


0.72093 


0.66803 


1.0944 


0.24728 


0.52880 


0.79161 


0.91075 


0.95433 


0.8 


0.65602 


0.75324 


1.0382 


0.29390 


0.55739 


0.73999 


0.88652 


0.94155 


0.9 


0.59126 


0.83491 


1.0089 


0.33524 


0.57362 


0.68704 


0.86059 


0.92768 


1.0 


0.52828 


0.91287 


1.00000 


0.36980 


0.57870 


0.63394 


0.83333 


0.91287 


1.1 


0.46835 


0.98703 


1.0079 


0.39670 


0.57415 


0.58170 


0.80515 


0.89730 


1.2 


0.41238 


1.0574 


1.0304 


0.41568 


0.56161 


0.53114 


0.77640 


0.88113 


1.3 


0.36091 


1 . 1239 


1.0663 


0.42696 


0.54272 


0.48290 


0.74738 


0.86451 


1.4 


0.31424 


1 . 1866 


1.1149 


0.43114 


0.51905 


0.43742 


0.71839 


0.84758 


1.5 


0.27240 


1.2457 


1.1762 


0.42903 


0.49203 


0.39484 


0.68966 


0.83045 


1.6 


0.23527 


1.3012 


1 . 2502 


0.42161 


0.46288 


0.35573 


0.66138 


0.81325 


1.7 


0.20259 


1.3533 


1.3376 


0.40985 


0.43264 


0.31969 


0.63371 


0.79606 


1.8 


0.17404 


1.4023 


1.4390 


0.39476 


0.40216 


0.28684 


0.60680 


0.77904 


1.9 


0.14924 


1.4479 


1.5553 


0.37713 


0.37210 


0.25699 


0.58072 


0.76205 


2.0 


0.12780 


1 . 4907 


1.6875 


0.35785 


0.34294 


0.23005 


0.55556 


0.74535 


2.1 


0.10935 


1 . 5308 


1.8369 


0.33757 


0.31504 


0.20580 


0.53135 


0.72894 


2.2 


0.09352 


1 . 5682 


2.0050 


0.31685 


0.28863 


0.18405 


0.50813 


0.71283 


2.3 


0.07997 


1.6033 


2.1931 


0.29614 


0.26387 


0.16458 


0.48591 


0.69707 


2.4 


0.06840 


1 . 6360 


2.4031 


0.27579 


0.24082 


0.14719 


0.46468 


0.68168 


2.5 


0.05853 


1 . 6667 


2.6367 


0.25606 


0.21948 


0.13169 


0.44444 


0.66667 


2.6 


0.05012 


1.6953 


2.8960 


0.23715 


0.19983 


0.11788 


0.42517 


0.65205 


2.7 


0.04295 


1.7222 


3.1830 


0.21917 


0.18181 


0.10557 


0.40683 


0.63784 


2.8 


0.03685 


1.7473 


3.5001 


0.20222 


0.16534 


0.09463 


0.38941 


0.62403 


2.9 


0.03165 


1.7708 


3.8498 


0.18633 


0.15032 


0.08489 


0.37286 


0.61062 


3.0 


0.02722 


1.7928 


4.2346 


0.17151 


0.13666 


0.07623 


0.35714 


0.59761 


3.1 


0.02345 


1.8135 


4.6573 


0.15774 


0.12426 


0.06852 


0.34223 


0.58501 


3.2 


0.02023 


1 . 8329 


5.1210 


0.14499 


0.11301 


0.06165 


0.32808 


0.57279 


3.3 


0.01748 


1.8511 


5.6287 


0.13322 


0.10281 


0.05554 


0.31466 


0.56094 


3.4 


0.01512 


1 . 8682 


6.184 


0.12239 


, 0.09359 


0.05009 


0.30193 


0.54948 


3.5 


0.01311 


1.8843 


6.790 


0.11243 


0.08523 


0.04523 


0.28986 


0.53838 


3.6 


0.01138 


1 . 8995 


7.450 


0.10328 


0.07768 


0.04089 


0.27840 


0.52763 


3.7 


0.00990 


1.9137 


8.169 


0.09490 


0.07084 


0.03702 


0.26752 


0.51723 


3.8 


0.00863 


1 . 9272 


8.951 


0.08722 


0.06466 


0.03355 


0.25720 


0.50715 


3.9 


0.00753 


1.9398 


9.799 


0.08019 


0.05906 


0.03044 


0.24740 


0.49740 


4.0 


0.00659 


1.9518 


10.72 


0.07379 


0.05399 


0.02766 


0.23810 


0.48795 


4.1 


0.00577 


1.9631 


11.71 


0.06788 


0.04940 


0.02516 


0.22925 


0.47880 


4.2 


0.00506 


1.9738 


12.79 


0.06250 


0.04524 


0.02292 


0.22084 


0.46994 


4.3 


0.00445 


1.9839 


13.95 


0.05759 


0.04147 


0.02090 


0.21286 


0.46136 


4.4 


0.00392 


1.9934 


15.21 


0.05309 


0.03805 


0.01909 


0.20525 


0.45305 


4.5 


0.00346 


2.0025 


16.56 


0.04898 


0.03494 


0.01745 


0.19802 


. 44499 


4.6 


. 00305 


2.0111 


18.02 


0.04521 


0.03212 


0.01597 


0.19113 


0.43719 


4.7 


. 00270 


2.0192 


19.58 


0.04177 


0.02955 


0.01464 


0.18457 


0.42962 


4.8 


0.00239 


2 . 0269 


21.26 


0.03862 


0.02722 


0.01343 


0.17832 


0.42228 


4.9 


0.00213 


2.0343 


23.07 


0.03572 


0.02509 


0.01233 


0.17235 


0.41516 


5.0 


0.00189 


2.0412 


25.00 


0.03308 


0.02315 


0.01134 


0.16667 


0.40825 



* A more complete table may be found in refs. 4 and 5. 
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Equations of Linearized Theory. For very slender two- and three-dimensional 
bodies it may be assumed that the flow disturbances are very small. This leads to a 
linearization of the nonlinear equation for the velocity potential to 

"-^S+S+S- (2x - 17) 

In the above equation M «, is the free-stream Mach number and <f> is the so-called 
disturbance potential, i.e., 

u = U + 4> x v =» <f> y w = <t>z (2x-18) 

where U is the free-stream velocity. For further details, consult refs. 1 and 2. 

Prandtl-Glauert Rule. For subsonic linearized flow there exists a useful correspond- 
ence between compressible and incompressible flow. In two dimensions this is given 
by the velocity relations 

Wcompr — / - Wincompr (^X-19) 

Vl - Moo 2 

4>(£,2/)oompr = — . z 0(Xi,t/i)incompr (2x^20) 

Vl - Moo 2 
where x\ — x 

2/i = Vl - MJy 
Thus, if an incompressible flow about a given body is known in the (xi,?/i) plane, 
then the corresponding flow about the same body in the (x,y) plane is given by the 
above relations; see ref. 1. A similar relation exists for axially symmetric flow. Here 

0(z,r)com P r = "gi ^fojSOincompr = Vl ~ M M 2 

However, in this case the comparison is not between the same bodies but one of the r 
coordinates must be scaled by the factor 0; see ref . 1. 

Hypersonic Similarity Rule. In very high-speed two-dimensional linearized super- 
sonic flow it is possible to show that the lift and drag coefficients depend solely on the 
Mach number and the hypersonic similarity parameter K = M8/b, where M is the 
free-stream Mach number, 5 is the maximum thickness of the body, and b is the body 
length, i.e., t = 5/6 is the thickness ratio. Thus 

Cd^^J(K) (2x-21) 

C L = jji g(K) (2x-22) 

In three dimensions, 

Cd = jpMK) (2x-23) 

Transonic Similarity Rule. For two-dimensional transonic flows there exists a 
similarity parameter H == (1 — M)/{tT)%, where r = 8/b and T = ^(7 -f 1). The 
lift and drag coefficients can be shown to depend only on the thickness ratio and the 
transonic similarity parameter H. Thus 

Cd = £|/(fl) (2*34) 

Ci = ^jff(#) (2x-25) 
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In three dimensions, 

Cd = r% Q-^) (2x-26) 
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2y. Laminar and Turbulent Flow of Gases 

R. C. ROBERTS 
Naval Ordnance Laboratory 



2y-l. Equations of Motion. The study of the motion of any real gas or fluid must 
of necessity take into consideration the effects of viscosity. The transfer of momen- 
tum due to viscosity and the transformation of kinetic energy into heat must be 
considered in formulating the equations of motion. The following equations govern 
the motion of a viscous, compressible, heat-conducting gas. The viscosity and heat 
conductivity are assumed to be functions of the temperature only. 

Momentum Equations. In rectangular coordinates, the momentum equations may 
be written as 

(du , du . du . du\ v . d [4 du 2 ( dv . dw\~\ 

dy l/ \dy dx)\ dz |/ \dx dz) ] dx 
(dv . dv . dv . dv\ v , d I" (dv du\~\ 

p {m +U yx +V yy +W ^) =pY+ TxrK^x + dy)\ 

, d V4 dv 2 (du ,-dw\1 , d [ (dv . dw\~] dp 

+ ^L3 M ^"3 /x V^ + a;;J + ^L M U + ^JJ ~^ 

(dw , dw . dw . dw\ „ , d f" (dw , du\l 

p \Tt+ u te+ v ^ +w Tz) =pz + rxr{te + dz-)\ 

, d f (dw 3A1 d [4 dw 2 (du dv\\ dp 
+ y y rK^ + ^)\ + Fz[s^'S^\Tx + ^y)\-d-z (2y " 1} 

where n is the coefficient of viscosity and the other terms are as defined in Sec. 2x. 



p 
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Continuity Equation. The equation of continuity is 

Energy Equation. By using the first law of thermodynamics and by considering 
that heat conduction may take place in the gas, the following energy equation may be 
written 

2 (du dv dw\ 2 (du . dv\ 2 . (du . dw\ 2 , (dv , dw\ 2 

(2y-3) 
where k = heat-conductivity coefficient 
E = internal energy per unit mass 

— = external heat production rate per unit volume 

Equation of State. For a perfect gas the equation of state is 

V = pRT (2y-4) 

Stream Function. For a steady flow in two dimensions or for axially symmetric flow 
a stream function may be defined as in Sec. 2x. It has great utility in boundary- 
layer work (see ref. 3). 

2y-2. Definitions of Basic Parameters. The basic dimensionless parameters of a 
viscous, compressible, heat-conducting gas are usually considered to be the Mach 
number, the Reynolds number, the Prandtl number, and the Grashof number (see 
ref. 2). The Mach number has been defined in Sec. 2x. The other three parameters 
may be defined as follows: 

Reynolds Number. In a flow with reference velocity u and reference length L, the 
Reynolds number R is defined as 

«=V (2y-5) 

where v = m/p is the kinematic viscosity. Two viscous flows may not be dynamically 
similar unless their respective Reynolds numbers are the same. 
Prandtl Number. The Prandtl number is defined as 

P-=^ (2y-6) 

where C p is the specific heat at constant pressure and k is the heat conductivity. The 
Prandtl number depends only on the material properties of the gas. 

The Prandtl number is primarily a function of the temperature only. For small 
temperature changes it is often assumed to be constant (see ref. 2). The variation 
of P r with temperature is shown in Tables 2y-l and 2y-2 for air and for molecular 
hydrogen H 2 . 

Grashof Number. The Grashof number may be defined as 

Gr — ^n — (2y ' 7) 

where g is the acceleration of gravity and 7\ and T 2 are two reference temperatures. 
The Grashof number often appears when there is a transfer of heat through a bound- 
ary into or out of the gas. 
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2y-3. Exact Solutions. Because <of the extreme complexity of the equations of 
motion, few exact solutions have been found. Nearly all of these are limited to the 
incompressible steady flow case. Since gases may often be assumed incompressible, 
these solutions may have practical importance. 

Pipe Flow. The exact incompressible solution for two-dimensional or axially 
symmetric steady flow through a pipe of constant cross section is characterized by a 



Table 2y-l. Prandtl Number P r for Air 



T, °K 


Pr 


T, °K 


Pr 


100 


0.770 


560 


0.680 


120 


0.766 


580 


0.680 


140 


0.761 


600 


0.680 


160 


0.754 


620 


0.681 


180 


0.746 


640 


0.682 


200 


0.739 


660 


0.682 


220 


0.732 


680 


0.683 


240 


0.725 


700 


0.684 


260 


0.719 


720 


0.685 


280 


0.713 


740 


0.686 


300 


0.708 


760 


0.687 


320 


0.703 


780 


0.688 


340 


0.699 


800 


0.689 


360 


0.695 


820 


0.690 


380 


0.691 


840 


0.692 


400 


0.689 


860 


0.693 


420 


0.686 


880 


0.695 


440 


0.684 


900 


0.696 


460 


0.683 


920 


0.697 


480 


0.681 


940 


0.698 


500 


0.680 


960 


0.700 


520 


0.680 


980 


0.701 


540 


0.680 


1000 


0.702 



parabolic velocity distribution. In the two-dimensional case the complete solution 
is given by 



1 ,r n dp 
v = w = 



(2y-8) 



— - = const 
dx 



dp _ dp 

dy ~ dz 







where the boundaries are at z = and z = h. In the case of flow through a circular 
pipe, the theoretical solution has been shown to coincide almost exactly with experi- 
ment for laminar flow. 

Other Exact Solutions. There are a number of other exact solutions for the incom- 
pressible case such as steady flow between concentric cylinders and flow through tubes 
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of noncircular cross section. These may be found by consulting refs. 1 and 3. Hamel 
(ref. 5) has found a number of nontrivial exact solutions. 

2y-4. Boundary Layer. When the Reynolds number of the flow is large, most of the 
viscous effects take place in the immediate vicinity of the boundaries. The outer 
flow may then be considered determined by the inviscid flow equations while in the 
boundary layer certain simplifications of the equation of motion may be made. For 
the case of two-dimensional flow past flat or slowly curving surfaces the pressure may 
be assumed to be completely determined by the outer flow. 

Table 2y-2. Prandtl Number for Molecular Hydrogen H2* 



T, °K 


Pr 


T, °K 


Pr 


60 


0.713 


440 


0.684 


80 


0.711 


460 


0.681 


100 


0.712 


480 


0.678 


120 


0.715 


500 


0.675 


140 


0.718 


520 


0.671 


160 


0.719 


540 


0.669 


180 


0.720 


560 


0.667 


200 


0.719 


580 


0.665 


220 


0.717 


600 


0.664 


240 


0.715 


620 


0.663 


260 


0.712 


640 


0.663 


280 


0.709 


660 


0.662 


300 


0.706 


680 


0.661 


320 


0.703 


700 


0.661 


340 


0.699 


720 


0.661 


360 


0.696 


740 


0.660 


380 


0.693 


760 


0.660 


400 


0.690 


780 


0.660 


420 


0.687 


800 


0.660 



♦The values in Tables 2y-l and 2y-2 are taken from the National Bureau of Standards, "NACA 
Tables of Thermal Properties of Gases" (cf. ref. 6). 



Basic Equations. For two-dimensional steady flow as outlined above, the momen- 
tum, continuity, and energy equations are, respectively, 



/ du . du\ d ( du\ 

dy 



dp 
~dx 



(2y-9) 



'(•S+-S)+»[-*e)+-£G 1 )]-5('£)+'(S)' 

For a perfect gas the equation of state is p = pRT. In the above equations x may be 
considered as the distance along the boundary while y is the distance perpendicular 
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to the boundary. The velocity components u and v are interpreted in like manner. 
The equations then hold also for a slowly curving boundary. 

Blasius Flow. For incompressible steady flow past a flat plate with no pressure 
gradient, the equations of motion are 



du , du d 2 u 

du i ma. _ n 

dx dy 



(2y-10) 



with the boundary conditions u=?)=Oat|/=0 and u = u\ = const at y = °o 
and at x = 0. Wi is the free-stream velocity. Blasius solved this problem by means 
of the change of variable 

-- 2 © v *-W •-K?)*^-^ (2y - n) 

This reduces the problem to the ordinary differential equation and boundary condi- 
tions 

* ^ (2y-12) 

/=/'=0at7;=0 and /' = 2 at v = « J 

2y-5. Turbulent Motion. For small values of the Reynolds number most flows are 
characterized by a certain uniformity of velocity distribution and smoothness of the 
streamline pattern. This condition is called laminar flow. As the Reynolds number 
is increased the flow will remain laminar until some critical value of R is reached. At 
this time the small-scale motions of the flow are seen to be chaotic or random in nature 
and consequently difficult to follow or predict. This is called turbulent flow. 

Because of the random nature of turbulent flow one usually considers or measures 
only average values of the flow variables. The assumption is usually made that the 
flow variables may be expressed as the sum of an average value plus a randomly 
fluctuating term, the latter term having zero as its average. In the following discus- 
sion the turbulent-flow quantities given are the average values of the flow variables. 

2y-6. Data on Turbulent Flow through Pipes. The following data show the 
behavior of the skin friction for incompressible turbulent flow through smooth and 
rough pipes. These data come from Nikuradse (see refs. 7 and 8). 

Smooth Pipes. The skin-friction coefficient C f is a function of the Reynolds 
number R, for smooth pipes, 

V 

where t w = wall shear stress per unit area 
p = density 
v = kinematic viscosity 
Ul = velocity in center of pipe 
r = pipe radius 
The behavior of Cf with Ri is shown in Fig. 2y-l. An empirical curve which fits 
the data is also shown. 

Rough Pipes. For rough pipes with average projection of the roughness k, the 
skin-friction data are shown in Fig. 2y-2. The friction factor X is plotted against 
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10 R,VS f "0" 

Fig. 2y-l. Universal wall-friction functional relation. 
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\ ** / 
; = average velocity across pipe 
d = nine diameter 



Reynolds number R for various surface roughnesses r/k, 

U == ; 

: pipe diameter 
r = roughness factor 
r = pipe radius 

2y-7. Drag Data for Spheres and Cylinders. For incompressible viscous steady 
flow the drag coefficient is a function of the Reynolds number only. The graphs of 
Figs. 2y-3 and 2y-4 give curves of the experimental data for Cd, the drag coefficient, 
for a cylinder in cross flow and for a sphere, respectively. 
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Drag of cylinder Cd — 



drag force 



where d = diameter of cylinder 
u = free-stream velocity 
ud 



R = 



drag force 
Drag of sphere C D = i ., , I/A . 



where d = diameter of sphere 



600 
500 
400 

300 
200 



2 100 
$ SO 
o 60 

^,~ 50 

*■ 40 
30 



20 



Bfi # Consistent Units 

Fig. 2y-6. Data for gases inside tubes compared with recommended line AA. Line BB is 
obtained from the Reynolds analogy, taking/ = 0.049 (DG/fi)' - 2 and c pf i/k = 0.74. Line 
BB also represents the Prandtl analogy for r v of 0.3. 

2y-8. Skin-friction Data for a Flat Plate. Figure 2y-5 indicates the behavior of the 
skin-friction coefficient C f with Reynolds number for a flat plate in an incompressible 
fluid. 





j 


— I 


—7 


— rr 


7 _j . ., 


















Air in Pipe< 
















Kp 


'b * 


q Carrier 














/s 




• Nusselt 
▼ Rietschel 














•/ 


r * 
















&S 


« 






x Royds and Campbell 




















v Josse 












% * * 








a a Robinson 










Oj^" 










* Guchmann 

© Colburn and Coghlan 




Q 


J* 


j;' 










Other G 
• Nusselt C0 2 

+ M, ircpli 111 6 


ases 




l°* 


£* 
















fcffi- 














°j? 


p^ 
















a 


*V 
















* 












S« 
















































T 


4 


1 


,«** 


















A 

B- 

2 


5 4 


i- : 


> < 


> 8 


I0 4 „ 5 




5 ^ 


t 


5 


5 8 


I0 5 J 


2 : 


5 4 



C/ " 1p« 2 



where i2 = — 



I = length of plate 
2y-9. Heat-transfer Data. The transfer of heat from heated surfaces to gases 
moving past them is of great importance. This heat transfer is often expressed in 
dimensionless form in terms of the Nusselt number Kn, 



Kn = 



hD 
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where h = coefficient of heat transfer 
D = length 

k = thermal conductivity 
For incompressible flow Kn is a fraction of the Reynolds number only. The behavior 
Kn with R for pipe flow and for a flat plate is given below. 
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Fig. 2y-7. Comparison between theory and experiment for heat transfer from plate. 
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Pipe Flow. The variation of Kn with R for a circular pipe is given in Fig. 2y-6 f 
where D is the pipe diameter. 



where G = - 



w = mass rate of flow 
s = cross-sectional area of pipe 
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Flat Plate. For a flat plate the variation of Kn with R for small R is shown in 
Fig. 2y-7, where D is the length of the flat plate. For higher values of R recourse 
must be made to empirical formulas converting the pipe-flow into equivalent flat- 
plate data; see page 117 of ref. 10. 

2y-10. Effect of Compressibility and Heat Transfer on Skin Friction. For a fixed 
Reynolds number the ratio of the local skin-friction coefficient c f to the corresponding 
incompressible value c/ f is a function of the Mach number and the heat transfer. 
The graph shown in Fig. 2y-#, taken from ref. 12, represents an excellent theoretical 
fit to data from refs. 11 and 13. The curves are plotted for zero heat transfer where 
T e = T w and several different constant heat-transfer conditions. The graph is for a 
single representative Reynolds number Re based on momentum thickness. 

T w — wall temperature 

T e — adiabatic wall temperature 

^ = free-stream temperature 



dy 



Re = 

V 

6 = momentum thickness = / I 1 J 

JO PiUi \ ui/ 

5 = boundary-layer thickness 

pi = density outside boundary layer 

u\ — velocity outside boundary layer 
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2z-l. List of Symbols 

u flow velocity, measured in a coordinate system moving with the shock front 

p pressure 

p density 

7 ratio of heat capacities = Cp/Cv 

H enthalpy 

E internal energy 

T absolute temperature 

S entropy 

R* gas constant per gram 

c local sound velocity 

Mi Mach number of incident shock = u\/d 

n empirical constant in the Tait equation for liquids 

B(S) constant in the Tait equation for water 

n unit vector normal to surface 

u velocity vector 

Mr Mach number of reflected shock = uir/c^ 

Subscripts 1, 2, and 3 on any quantity (e.g., u\, p 2 , ps) mean that the quantity is 
measured in front of an incident shock, behind the incident shock, or behind a reflected 
shock, respectively. 

Primed and double-primed quantities (e.g., p', u") are measured, respectively, on 
the two sides of a boundary between two media. 

Subscript R on any quantity means that that quantity is measured in a coordinate 
system moving with a reflected shock. 

2z-2. Introduction. Sound waves of infinitesimal amplitude in fluids always 
propagate without change of form (neglecting the effects of viscosity, thermal con- 
ductivity, and relaxation). For waves of finite amplitude this is no longer true; the 
denser regions move faster than the less dense and hence the denser regions are always 
catching up with less dense ones in front of them ; but since the velocity increases with 
density the effect becomes more and more pronounced, the front of the wave becoming 
steeper and steeper until the density, temperature, and pressure changes across it are 
virtually discontinuous — a shock wave is formed. Mathematically, a shock wave 
is an actual discontinuity propagating with a velocity greater than the local sound 
velocity. Physically, although a shock transition is extremely abrupt (of the order of 
10 mean free paths for a typical shock in a gas), it nevertheless is continuous, because 
of the action of dissipative forces. In what follows, attention will be focused exclu- 
sively on the regions behind or in front of the shock front. The relations that will be 
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given are of general validity (except as noted) and are in any ease independent of the 
actual course of events within the front itself. 

It might be imagined that there could be a flow in which a shock moves from a 
dense region to a rarefied one. However, it can be shown from the energy-conser- 
vation law that steady-state flows of this type cannot exist in any fluid having an 
adiabat that is concave upward, the almost universally prevailing situation. 

Another type of discontinuity occurring in gas flows is called a "contact disconti- 
nuity. " It differs from a shock in that there is no mass flow across it, as there is in the 
case of a shock. Contact discontinuities cannot occur in steady-state flows and will 
not be further considered. 

2z-3. Steady-state One-dimensional Flow. General Relations. Consider a shock 
propagating steadily in a fluid. Relative to a coordinate system moving with the 
shock, the equations of steady compressible flow are 

tt ^ +p ^=0 (2z-la) 

ox ox 

du + I *R = o (2z-16) 



dx ' p dx 



Equation (2z-la) leads to 



p 2 u 2 — piUi (2z-2) 

From Eqs. (2z-l) and (2z-2) we "have 

P2U2 2 + Vi = pi^i 2 + Pi ( 2z-3 ) 



* 2 + f *R = cons t (2z-4a) 

2 J p 



Also, from (2z-16), 

2~ ' J p 
From the energy-conservation equation, it can be shown that 

1 U2 2 + H 2 - \uj + Ht (2z-46) 

These equations lead at once to the Rankine-Hugoniot relations: 

E 2 - Ex = AE = I ( P 2 + pi) (- - -} (2z-5a) 

I \P\ P2/ 

H2 - Hl =AH=l(p2- P i)(l+}) 



(2z-56) 



and 



--r- i/ p *~ 1 1 / t (2z - 5c) 

pi Ll/pi — I/P2J 



Equations (2z-5a), (2z-56), and (2z-5c) are based solely upon hydrodynamics and 
thermodynamics and are valid for all fluids. Further progress can now be made only 
when they are supplemented by an equation of state for the fluid. 
Special Cases, the ideal gas: 

p = P R*T 

From Eqs. (2z-5a), (2z-5b), and (2z-5c) and the equation of state it can be shown that 

n _ p 2 (7 + i) - p.(t - i) (2z . 6a) 

pi PUT + 1) — P2(7 — J) 

P_2 = V^y + 1) + Pi(y - 1) (2z-6&) 

pi Pi(y + 1) -h Pi(y - 1) 

and ^ = ^ (2z-6c) 

/ 1 P1P2 



SHOCK WAVES 

In terms of the Mach number of the incident shock Mi, 



and 



P2 = 2M ?y - y + 1 
Vi 7 + 1 

Pj ^ Mj 2 (7 + 1) 

Pi Mi>(y - 1) + 2 
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(2z-7a) 
(2z-76) 



liquids: An often-used equation of state for liquids, especially water, is the Tait 
equation. A convenient form of it is 



»-««>[«->] 



Approximately 



B = 



p\Cl £ 



(2z-8a) 
(2z-86) 



It is a good approximation in liquids to assume that the initial and final states are 
connected by an adiabatic compression. With this assumption, 



where 



Ui = C\ 

2ci 



n - 1 



] 



n + 1 
"IT"' 



(2z-9a) 
(2z-9&) 



Systems Subject to Chemical Reaction. The Rankine-Hugoniot relation, Eq. (2z-5a), 
is plotted in the (p, 1/p) plane in Fig. 2z-l with an adiabat for comparison. This 
relation is of course valid when the system reacts chemically, if the chemical energy 
is included in AE. In this case the point (?>i,pi) does not lie on the Rankine-Hugoniot 
curve, but either above or below it, depending on whether the chemical reaction is 
endothermic or exothermic. An especially interesting case, detonation, occurs when 
there is enough chemical energy alone to sustain the shock wave. Since the wave 
velocity is measured by the slope of the line through (pi,pi) which intersects the 
Rankine-Hugoniot curve [see Eqs. (2z-5)], there is usually an infinite number of 
possible velocities. However, in a steady-state detonation the lowest possible veloc- 
ity, which corresponds to a line through (pi,pi) just tangent to the Rankine-Hugoniot 
curve, is the one that occurs. This is the Chapman- J ouguet condition: 



^Ide 



Pi \l/pl — l/p2/min 



(2z-10) 



which provides the extra relation needed so that the detonation velocity may be 
calculated from Eqs. (2z-5). 

When mechanical as well as chemical energy is available, the velocity increases 
from the Chapman-Jouguet value as (p2,P2) moves upward along the Rankine- 
Hugoniot curve. There is no common physical process corresponding to the value of 
(P2,P2) below the Chapman-Jouguet value. The other branch of the Rankine- 
Hugoniot curve for which p% < p-i and p2 < pi corresponds to a deflagration and is a 
subsonic process. 

2z-4. Reflection and Refraction at a Rigid Wall. At a rigid boundary, in addition 
to the previous Eqs. (2z-5) there must be added the condition 

u-n = (2z-ll) 

Normal Incidence. The use of (2z-ll) along with (2z-5) for a perfect gas leads to 

(3 7 - l)(p,/pQ - y + 1 



Pz 

P2 



(y - l)(p 2 /pi) +7 + 1 



(2z-12a) 
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and 



— UlR = Ci 
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2(pi/pi)(7 - 1) +2 
{2 t [(t + IKP2/P1) +t - HI* 



(2z-126j 



which is the velocity of the reflected shock relative to the reflecting surface. 

Oblique Incidence. In this case a second condition may be imposed: the incident 
and reflected waves should intersect at the surface. This condition cannot always be 
satisfied; when it is one speaks of regular reflection. Regular reflection always occurs 
at a sufficiently small angle of incidence (i.e., the angle between the normal to the 
surface and the normal to the shock front). The two boundary conditions then com- 
pletely determine the direction and strength of the reflected shock. 



ADIABAT 




(P 2 ,p 2 ) CHAPMAN- JOUGUET VALUE 



RANKINE-HUGONIOT CURVE 



Fig. 2z-1. Plot of Rankine-Hugoniot relation. 



There exists a critical angle of incidence above which regular reflection cannot 
occur. The point of intersection of the incident and reflected shocks rises above the 
surface and is joined to it by a third shock, called the Mach stem. This case is called 
" Mach reflection." Experimentally it is found that Mach reflection sets in at angles 
smaller than those predicted by theory. 

2z-6. Reflection and Refraction at a Nonrigid Wall. There are now two boundary 
conditions that must be satisfied 

u' • n' = u" • n" (2z-13a) 

and V' = p" (2z-136) 

Normal Incidence. In order to satisfy both (2z-13a) and (2z-13b) it is necessary 
that there be a transmitted and a reflected wave. The transmitted wave is always a 
shock, but the reflected wave may be either a shock or a rarefaction wave, depending 
on the properties of the two media, and, in some cases, on the strength of the incident 
shock. 
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Oblique Incidence. There can occur either regular reflection or Mach reflection, of 
which the first case has been well investigated. It is shown that there is always 
a transmitted wave (i.e., total reflection of a shock wave cannot occur). If the second 
medium has a high acoustic impedance, the observed phenomena are similar to those 
found at a rigid surface; if the second medium has a low acoustic impedance, the 
observed phenomena are similar to those found at a free surface. 

Free Surface (for Liquids Only). The condition (2z-136) here becomes p' — 0. 
For a sufficiently small angle of incidence there is always a reflected rarefaction wave 
intersecting the incident shock at the surface. At some critical angle of incidence, 
determined by the strength of the incident shock as well as the properties of the 
liquid, this picture no longer applies. The phenomena in this case have not yet been 
intensively investigated. 

Table 2z-l lists some important properties of shock waves in ideal monatomic and 
diatomic gases. The following values have been used for 7, the ratio of heat capaci- 
ties: For the monatomic gas, 7 = %; for the diatomic gas, 7=3-. For both gases, 





Table 2z-1. Some 


Properties of Shocks in 


Ideal Gases 




M x 


Monatomic 


Diatomic 


















Vilv\ 


P2/P1 


Tt/T* 


M R 


P2/P1 


P2/P1 


T % /T x 


M R 


1 


1.000 


1.000 


1.000 


1 .000 


1.000 


1.000 


1.000 


1.000 


1.5 


2.562 


1.714 


1.495 


1.397 


2.458 


1.862 


1.320 


1.426 


2 


4.750 


2.286 


2.078 


1.648 


4.500 


2.667 


1.688 


1.732 


2.5 


7.562 


2.703 


2.798 


1.808 


7.125 


3.333 


2.138 


1.949 


3 


11.00 


3.000 


3.667 


1.915 


10.33 


3.857 


2.679 


2.104 


4 


19.75 


3.368 


5.863 


2.041 


18.50 


4.571 


4.047 


2.297 


5 


31.00 


3.571 


8.680 


2.104 


29.00 


5.000 


5.800 


2.408 


6 


44.75 


3.692 


12.12 


2.142 










8 


79.75 


3.821 


20.87 


2.182 










10 


124.8 


3.884 


32.12 


2.201 










15 


281.0 


3.947 


71.19 


2.220 










20 


499.8 


3.970 


125.9 


2.227 











the possibility of electronic excitation has been neglected. In addition, for the 
diatomic gas, the possibilities of dissociation and the activation of the vibrational 
heat capacity have been neglected. Since the latter assumption becomes increasingly 
unrealistic at high temperatures, this part of the table has not been extended beyond 
Mi = 5. 
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3a. Acoustical Definitions 1 

LEO L. BERANEK 
Bolt Beranek and Newman, Inc. 



3a-l. General 

Acceleration. The acceleration of a point is the time rate of change of the velocity 
of the point. 

Acoustic, acoustical. The qualifying adjectives acoustic and acoustical mean 
containing, producing, arising from, actuated by, related to, or associated with sound. 
Acoustic is used when the term being qualified designates something that has the 
properties, dimensions, or physical characteristics associated with sound waves; 
acoustical is used when the term being qualified does not designate explicitly something 
which has such properties, dimensions, or physical characteristics. 

examples: Acoustic singularities manifested through acoustic impedance irregu- 
larities make possible acoustical flaw-detection methods based on acoustic flaw 
detection. Positive acoustical advantages can accrue from good acoustical utilization 
of such acoustic signals, which represent an acoustical manifestation of electricity 
transmitted acoustically by an acoustic medium. From the acoustical point of view, 
acoustic loading is an excellent method of effecting the acoustical termination of an 
acoustical system with an acoustic termination. 

Acoustics. Acoustics is the science of sound including its production, transmission, 
and effects. 

Anechoic Space or Chamber. An anechoic space or chamber is a bounded space in 
which reflected waves are sufficiently weak as to be negligible in the region of interest; 
more literally, echo-free space. 

Antinodes (Loops) . Antinodes are the points, lines, or surfaces in a standing-wave 
system where some characteristic of the wave field has maximum amplitude. 

Note: The appropriate modifier should be used with the word "antinode" to signify 
the type that is intended (pressure antinode, velocity antinode, etc.). 

Audio Frequency. An audio frequency is any frequency corresponding to a nor- 
mally audible sound wave. 

Note 1: Audio frequencies range roughly from 15 to 20,000 cycles per second. 
Note 2: The word "audio" may be used as a modifier to indicate a device or system 
intended to operate at audio frequencies, e.g., "audio amplifier." 

Band Power Level. The band power level of a sound for a specified frequency band 
is the acoustic power level for the acoustic power contained within the band. The 
width of the band and the reference power must be specified. The unit is the decibel. 

Band Pressure Level. The band pressure level of a sound for a specified frequency 
band is the effective sound pressure level for the sound energy contained within the 
band. The width of the band and the reference pressure must be specified. The unit 
is the decibel. 

1 From American Standard Z24.1-1951, American Standards Association. 
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Beats. Beats are periodic variations that result from the superposition of waves 
having different frequencies. 

Compressional Wave. A compressional wave is a wave in an elastic medium which 
causes an element of the medium to change its volume without undergoing rotation. 

Note 1 : Mathematically, a compressional wave is one whose velocity field has zero curl. 
Note 2: A compressional plane wave is a longitudinal wave. 

Continuous Spectrum. A continuous spectrum is the spectrum of a wave the com- 
ponents of which are continuously distributed over a frequency region. 

Decibel. The decibel is a dimensionless unit for expressing the ratio of two values 
of power, the number of decibels being 10 times the logarithm to the base 10 of the 
power ratio. 

Note: With Pi and P 2 designating two amounts of power and n the number of decibels 
corresponding to their ratio, 

P x 

n = 10 logio — 
" 2 

When the conditions are such that scalar ratios of currents or of voltages (or analogous 
quantities in other fields such as pressures, or particle velocities in sound) are the square 
roots of the corresponding power ratios, the number of decibels by which the corresponding 
powers differ is expressed by the following formulas: 

n = 20 logio — 

12 

Vi 

n = 20 logio — 

V 2 

where I1/I2 and F1/F2 are the given current and voltage ratios, respectively. 

By extension, these relations between numbers of decibels and scalar ratios of currents or 
voltages are sometimes applied where these ratios are not the square roots of the cor- 
responding power ratios; to avoid confusion, such usage should be accompanied by a 
specific statement of this application. 

Doppler Effect. The Doppler effect is the phenomenon evidenced by the change 
in the observed frequency of a wave in a transmission system caused by a time rate of 
change in the effective length of the path of travel between the source and the point of 
observation. 

Echo. An echo is a wave which has been reflected or otherwise returned with suffi- 
cient magnitude and delay to be perceived in some manner as a wave distinct from 
that directly transmitted. 

Effective Particle Velocity. The effective particle velocity at a point is the root 
mean square of the instantaneous particle velocity (see Effective Sound Pressure for 
details) . The unit is the meter per second (in the cgs system the unit is the centimeter 
per second). 

Effective Sound Pressure (Root-mean-square Sound Pressure). The effective sound 
pressure at a point is the root-mean-square value of the instantaneous sound pressures, 
over a time interval at the point under consideration. In the case of periodic sound 
pressures, the interval must be an integral number of periods or an interval which is 
long compared with a period. In the case of nonperiodic sound pressures, the interval 
should be long enough to make the value obtained essentially independent of small 
changes in the length of the interval. 

Note: The term "effective sound pressure" is frequently shortened to "sound pressure." 

Electric Power Level, or Sound Intensity Level. The electric power level, or the 
acoustic intensity level, is a quantity expressing the ratio of two electric powers or of 
two sound intensities in logarithmic form. The unit is the decibel. Definitions are 
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Wi 
Electric power level = 10 logio r|r ^ 

Acoustic intensity level = 10 logio j- db 

i 2 

where Wi and W 2 are two electric powers and h and h are two sound intensities. 
Extending this thought further, we see that 

F 2 7? 
Electric power level = 10 logio -»- ^r~ 2 

= 20 1og 10 ^ + 10log 10 |-' 



db 



where Ei is the voltage across the resistance Ri in which a power Wi is being dissipated 
and E 2 is the voltage across the resistance R 2 in which a power T7 2 is being dissipated. 
Similarly, 

Acoustic intensity level = 20 logio -~ + 10 logio -^ db 

where pi is the pressure at a point where the specific acoustic resistance (i.e., the real 
part of the specific acoustic impedance) is R 8 i and p 2 is the pressure at a point where the 
specific acoustic resistance is R s2 . We note that 10 logio (Wi/W 2 ) = 20 logio (Ei/E 2 ) 
only if Ri = R 2 and that 10 logio (I1/I2) = 20 logio Wp 2 ) only if R s2 = R.i. 

Levels involving voltage and pressure alone are sometimes spoken of with no regard 
to the equalities of the electric resistances or specific acoustic resistances. This prac- 
tice leads to serious confusion. It is emphasized that the manner in which the terms 
are used always should be clearly stated by the user in order to avoid confusion. 

Flutter Echo. A flutter echo is a rapid succession of reflected pulses resulting from 
a single initial pulse. 

Free Field. A free field is a field (wave or potential) in a homogeneous isotropic 
medium free from boundaries. In practice it is a field in which the effects of the 
boundaries are negligible over the region of interest. 

Note: The actual pressure impinging on an object (e.g., electroacoustic transducer) 
placed in an otherwise free sound field will differ from the pressure which would exist at 
that point with the object removed, unless the acoustic impedance of the object matches 
the acoustic impedance of the medium. 

Infrasonic Frequency (Subsonic Frequency). An infrasonic frequency is a fre- 
quency lying below the audio-frequency range. 

Note: The word "infrasonic" may be used as a modifier to indicate a device or system 
intended to operate at infrasonic frequencies. 

Instantaneous Particle Velocity (Particle Velocity). The instantaneous particle 
velocity at a point is the velocity, due to the sound wave only, of a given infinitesimal 
part of the medium at a given instant. It is measured over and above any motion of 
the medium as a whole. The unit is the meter per second (in the cgs system the unit 
is the centimeter per second). 

Instantaneous Sound Pressure. The instantaneous sound pressure at a point is the 
total instantaneous pressure at that point minus the static pressure at that point. 
The commonly used unit is the microbar. 

Intensity Level. The intensity level of a sound, in decibels, is 10 times the logarithm 
to the base 10 of the ratio of the intensity of this sound to a reference intensity. That 
is, 

Li = 10 logio y- 
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In the United States the reference intensity is often taken to be 10~ 16 watt /cm 2 (lO -12 
watt/m 2 ). This reference at standard atmospheric conditions in a plane or spherical 
progressive wave was originally selected as corresponding approximately to the 
reference pressure (0.0002 microbar). 

Line Spectrum. A line spectrum is the spectrum of a wave the components of which 
are confined to a number of discrete frequencies. 

Longitudinal Wave. A longitudinal wave is a wave in which the direction of dis- 
placement at each point of the^medium is normal to the wave front. 

Microbar fob). A microbar is a unit of pressure commonly used in acoustics. One 
microbar is equal to 0.1 newton per square meter or 1 dyne per square centimeter. 

Neper. The neper is a unit used to express the scalar ratio of two currents or two 
voltages, the number of nepers being the natural logarithm of such a ratio. 

Note 1 : With Ii and 7 2 designating the scalar value of two currents, and n the number of 
nepers denoting their scalar ratio, then 

n = log e — 

12 

When the conditions are such that the power ratio is the square of the corresponding cur- 
rent or voltage ratio, the number of nepers by which the corresponding voltages or currents 
differ may be expressed by the following formula : 

n=-log e - 

where P1/P2 is the given power ratio. 

By extension, this relation between number of nepers and power ratio is sometimes applied 
where this ratio is not the square of the corresponding current or voltage ratio; to avoid 
confusion, such usage should be accompanied by a specific statement of this application. 

Note 2: One neper is equal to 8.686 db. 

Note 3: The neper is used in mechanics and acoustics by extending the above definition 
to include all scalar ratios of like quantities which are analogous to current or voltage. 

Nodes. Nodes are the points, lines, or surfaces in a standing-wave system where 
some characteristic of the wave field has essentially zero amplitude. 

Note: The appropriate modifier should be used with the word "node" to signify the 
type that is intended (pressure node, velocity node, etc.). 

Noise. Noise is any undesired sound. By extension, noise is any unwanted dis- 
turbance within a useful frequency band, such as undesired electric waves in any 
transmission channel or device. 

Plane Wave. A plane wave is a wave in which the wave fronts are everywhere 
parallel planes normal to the direction of propagation. 

Power Spectrum Level. The power spectrum level of a sound at a specified frequency 
is the power level for the acoustic power contained in a band one cycle per second wide, 
centered at this specified frequency. The reference power must be specified. The 
unit is the decibel (see also the discussion under Pressure Spectrum Level). 

Pressure Spectrum Level. The pressure spectrum level of a sound at specified fre- 
quency is the effective sound pressure level for the sound energy contained within a 
band one cycle per second wide, centered at this specified frequency. The reference 
pressure must be explicitly stated. The unit is the decibel. 

Note: The concept of pressure spectrum level ordinarily has significance only for sound 
having a continuous distribution of energy within the frequency range under consideration. 
The level of a uniform band of noise with a continuous spectrum exceeds the spectrum 
level by 

C n = 10 logio (fb ~ fa) db 

where f b and f a are the upper and lower frequencies of the band, respectively. The level 
of a uniform noise with a continuous spectrum in a band of width f b — f a cps is therefore 
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related to the spectrum level by the formula 

L n = C n + S n 

where L» = sound pressure level in decibels of the noise in the band of width fb — /«; for 
C n see above, S n = spectrum level of the noise, and n = designation number for the band 
being considered. 

Rate of Decay. The rate of decay is the time rate at which the sound pressure level 
(or velocity level, or sound-energy density level) is decreasing at a given point and at a 
given time. The practical unit is the decibel per second. 

Reverberation. Reverberation is the persistence of sound at a given point after 
direct reception from the source has stopped. 

Note: This may be due (1) (as in the case of rooms) to repeated reflections from a small 
number of boundaries or to the free decay of the normal modes of vibration that were 
excited by the sound source, (2) (as in the case of underwater sound in the ocean) to scatter- 
ing from a large number of inhomogeneities in the medium or reflection from bounding 
surfaces. 

Shear Wave (Rotational Wave). A shear wave is a wave in an elastic medium 
which causes an element of the medium to change its shape without a change of 
volume. 

Note 1 : Mathematically, a shear wave is one whose velocity field has zero divergence. 
Note 2: A shear plane wave in an isotropic medium is a transverse wave. 

Sound-Energy Density. The sound-energy density is the sound energy in a given 
infinitesimal part of the gas divided by the volume of that part of the gas. The unit 
is the watt-second per cubic meter. (In the cgs system the unit is the erg per cubic 
centimeter). In many acoustic environments such as in a plane wave the sound- 
energy density at a point is 

D . _£l = Pi 

p c 2 yPo 

where y is the ratio of specific heats for a gas and is equal to 1.4 for air and other 
diatomic gases. The quantity y is dimensionless. P is the barometric pressure. 

Sound Field. A sound field is a region containing sound waves. 

Sound Intensity (J). The sound intensity measured in a specified direction at a 
point is the average rate at which sound energy is transmitted through a unit area per- 
pendicular to the specified direction at the point considered. The unit is the watt per 
square meter. (In the cgs system the unit is the erg per second per square centimeter.) 
In a plane or spherical free-progressive sound wave the intensity in the direction of 
propagation is 

/ — JL watts /m 2 or erg-sec -1 /cm 2 
Poc 

Note: In the acoustical literature the intensity has often been expressed in the units 
of watts per square centimeter, which is equal to 1(T 7 times the number of ergs per second 
per square centimeter. 

Sound Intensity Level. See Electric Power Level. 

Sound Level. The sound level at a point in a sound field is the reading in decibels 
of a sound-level meter constructed and operated in accordance with the latest edition 
of American Standard Sound Level Meters for the Measurement of Noise and Other 
Sounds. 1 

The meter reading (in decibels) corresponds to a value of the sound pressure 

i American Standard Sound Level Meters for the Measurement of Noise and Other 
Sounds, Z24.3-1944, American Standards Association, Inc., New York. This standard 
is in process of revision. 
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integrated over the audible frequency range with a specified frequency weighting and 
integration time. 

Sound Power Level. The acoustic power level of a sound source in decibels is 10 
times the logarithm to the base 10 of the ratio of the acoustic power radiated by the 
source to a reference acoustic power. That is, 

W 
Lw = 10 logio tJt~ db 

KKref 

Often, W T et is 10~ 13 watt. This means that a source radiating 1 acoustic watt has a 
power level of 130 db. 

Sound Pressure Level. The pressure level of a sound, in decibels, is 20 times the 
logarithm to the base 10 of the ratio of the measured effective sound pressure of this 
sound to a reference effective sound pressure. That is, 

L p = 20 logio -£- db 

pref 

In the United States p Te t is either (1) p Te{ — 0.0002 microbar (2 X 10~ 5 newton/m 2 ) or 
(2) pref = 1 microbar (0.1 newton/m 2 ). Reference pressure (1) has been in general 
use for measurements dealing with hearing and for sound-level and noise measurements 
in air and liquids. Reference pressure (2) has gained widespread use for calibration 
of transducers and some types of sound-level measurements in liquids. The two 
reference levels are almost exactly 74 db apart. The reference pressure must always 
be stated explicitly. 

Spectrum. The spectrum of a wave is the distribution in frequency of the magni- 
tudes (and sometimes phases) of the components of the wave. Spectrum also is used 
to signify a continuous range of frequencies, usually wide in extent, within which waves 
have some specified common characteristic, e.g., audio-frequency spectrum, radio- 
frequency spectrum, etc. 

Spherical Wave. A spherical wave is a wave in which the wave fronts are con- 
centric spheres. 

Standing Waves. Standing waves are periodic waves having a fixed distribution in 
space which is the result of interference of progressive waves of the same frequency and 
kind. Such waves are characterized by the existence of nodes or partial nodes and 
antinodes that are fixed in space. 

Static Pressure (Po). The static pressure at a point in the medium is the pressure 
that would exist at that point with no sound waves present. At normal barometric 
pressure, Po equals approximately 10 5 newtons/m 2 (10 6 dynes /cm 2 ). This corre- 
sponds to a barometer reading of 0.751 m (29.6 in.) Hg (mercury) when the tempera- 
ture of the mercury is 0°C. Standard atmospheric pressure is usually taken to be 
0.760 m Hg at 0°C. 

Stationary Waves. Stationary waves are standing waves in which the energy flux 
is zero at all points. 

Note: Stationary waves can only be approximated in practice. 

Strength of a Simple Sound Source. The strength of a simple sound source is the 
rms magnitude of the total air flow at the surface of a simple source in cubic meters 
per second (or cubic centimeters per second), where a simple source is taken to be a 
spherical source whose radius is small compared with one-sixth wavelength. 

Ultrasonic Frequency (Supersonic Frequency). An ultrasonic frequency is a fre- 
quency lying above the audio-frequency range. The term is commonly applied to 
elastic waves propagated in gases, liquids, or solids. 

Note: The word "ultrasonic" may be used as a modifier to indicate a device or system 
intended to operate at ultrasonic frequencies. 
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Velocity. The velocity of a point is the time rate of change of a position vector of 
that point with respect to an inertial frame. 

Note: In most cases the approximation is made that axes fixed to the earth constitute 
an inertial frame. 

Volume Velocity. The volume velocity, due to a sound wave only, is the rate of flow 
of the medium perpendicularly through a specified area S. That is, U — uS, where 
u is the particle velocity and U is the volume velocity. The unit is the cubic meter 
per second. (In the cgs system the unit is the cubic centimeter per second.) 

Wave. A wave is a disturbance which is propagated in a medium in such a manner 
that at any point in the medium the displacement is a function of the time, while at 
any instant the displacement at the point is a function of the position of the point. 

Any physical quantity which has the same relationship to some independent 
variable (usually time) that a propagated disturbance has, at a particular instant, with 
respect to space, may be called a wave. 

Note: In this definition, displacement is used as a general term, indicating not only 
mechanical displacement, but also electric displacement, etc. 

Wavefront. (1) The wavefront of a progressive wave in space is a continuous 
surface which is a locus of points having the same phase at a given instant. (2) The 
wavefront of a progressive surface wave is a continuous line which is a locus of points 
having the same phase at a given instant. 

Wave Interference. Wave interference is the phenomenon which results when waves 
of the same or nearly the same frequency are superposed and is characterized by a 
spatial or temporal distribution of amplitude of some specified characteristic differing 
from that of the individual superposed waves. 

3a-2. Sound Transmission and Propagation 

Acoustic Attenuation Constant (Attenuation Constant). The acoustic attenuation 
constant is the real part of the acoustic propagation constant. The commonly used 
unit is the neper per section or per unit distance. 

Note : In the case of a symmetrical structure, the imaginary parts of both the transfer 
constant and the acoustic propagation constant are identical, and hence either one may 
be called simply the attenuation constant. 

Acoustic Compliance. The acoustic compliance of an enclosed volume of gas is 
equal to the magnitude of the ratio of the volume displacement of a piston forming one 
side of the volume to the pressure causing the displacement (units cm 5 /dyne or 
m 5 /newton). 

Acoustic Impedance (American Standard Acoustic Impedance). The acoustic 
impedance at a given surface is defined as the complex ratio 1 of effective sound pressure 
averaged over the surface to effective volume velocity through it. The surface may 
be either a hypothetical surface in an acoustic medium or the moving surface of a 
mechanical device. The unit is newton-sec/m 5 , or the mks acoustic ohm. 2 (In the 
cgs system the unit is dyne-sec /cm 5 , or acoustic ohm.) 

Z A = jj newton-sec/m 5 (mks acoustic ohms) 

Acoustic Mass (Inertance). The acoustic mass is the quantity which, when multi- 
plied by 2tt times the frequency, gives the acoustic reactance associated with the 
kinetic energy of the medium (units gm/cm 4 or kg/m 4 ). 

1 "Complex ratio" has the same meaning as the complex ratio of voltage and current 
in electric-circuit theory. 

2 This notation is taken from Table 12.1 of American Standard Z24.1-1951. 
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Acoustic Ohm. The acoustic ohm is the magnitude of an acoustic resistance, 
reactance, or impedance for which a sound pressure of one microbar produces a volume 
velocity of one cubic centimeter per second (dyne-sec /cm 5 ). When expressed in 
newton-sec/m 5 , it is called the mks acoustic ohm. 

Acoustic Phase Constant. The acoustic phase constant is the imaginary part of the 
acoustic propagation constant. The commonly used unit is the radian per section 
or per unit distance 

Note: In the case of a symmetrical structure, the imaginary parts of both the transfer 
constant and the acoustic propagation constant are identical, and have been called the 
' ' wavelength constant. ' ' 

Acoustic Propagation Constant. The acoustic propagation constant of a uniform 
system or of a section of a system of recurrent structures is the natural logarithm of 
the complex ratio of the steady-state particle velocities, volume velocities, or pressures 
at two points separated by unit distance in the uniform system (assumed to be of 
infinite length), or at two successive corresponding points in the system of recurrent 
structures (assumed to be of infinite length). The ratio is determined by dividing the 
value at the point nearer the transmitting end by the corresponding value at the more 
remote point. 

Acoustic Resistance. Acoustic resistance is the real component of the acoustic 
impedance. The cgs unit is the acoustic ohm. The mks unit is the specific acoustic 
ohm. 

Acoustic, Specific Acoustic, and Mechanical Reactance. The acoustic reactance, 
the specific acoustic reactance, and the mechanical reactance are, respectively, 
the imaginary parts of the acoustic impedance, the specific acoustic impedance, and the 
mechanical impedance. The units are the same, respectively, as for the real, i.e., the 
resistive parts. 

Characteristic Impedance. The characteristic impedance is the ratio of the effective 
sound pressure at a given point to the effective particle velocity at that point in a free, 
plane, progressive sound wave. It is equal to the product of the density of the medium 
times the speed of sound in the medium. It is analogous to the characteristic imped- 
ance of an infinitely long, dissipationless transmission line. The unit is the mks rayl, 
or newton-sec/m 3 . (In the cgs system, the unit is the rayl, or dyne-sec /cm 3 .) 

Insertion Loss. The insertion loss resulting from the insertion of a transducer in a 
transmission system is the ratio of the power delivered to that part of the system 
which will follow the transducer, before insertion of the transducer, to the power 
delivered to that same part of the system after insertion of the transducer. 

Note 1: If the input power, the output power, or both consist of more than one com- 
ponent, the particular components used must be specified. 
Note 2: This ratio is usually expressed in decibels. 

Mechanical Compliance. The mechanical compliance of a springlike device is equal 
to the magnitude of the ratio of the displacement of the device to the force that pro- 
duced the displacement (units cm /dyne or m/newton). 

Mechanical Impedance. The mechanical impedance is the complex ratio of the 
effective force acting on a specified area of an acoustic medium or mechanical device 
to the resulting effective linear velocity through or of that area, respectively. The 
unit is the newton-sec/m, or the mks mechanical ohm. (In the cgs system the unit 
is the dyne-sec /cm, or the mechanical ohm.) That is, Z M = f/u newton-sec/m 
(mks mechanical ohms). 

Mechanical Ohm. The mechanical ohm is the magnitude of a mechanical resistance, 
reactance, or impedance for which a force of one dyne produces a linear velocity of one 
centimeter per second (dyne-sec /cm). When expressed in newton-sec/m, it is called 
the mks mechanical ohm. - 
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Mechanical Resistance. Mechanical resistance is the real part of the mechanical 
impedance. The cgs unit is the mechanical ohm. The mks unit is the mks mechani- 
cal ohm. 

Natural Frequency. A natural frequency of a body or system is a frequency of free 
oscillation. 

Normal Mode of Vibration. A normal mode of vibration is a characteristic distribu- 
tion of vibration amplitudes among the parts of the system, each part of which is 
vibrating freely at the same frequency. Complex free vibrations are combinations 
of these simple vibration forms. 

Rayl. 1 The rayl is the magnitude of a specific acoustic resistance, reactance, or 
impedance for which a sound pressure of one microbar produces a linear velocity of 
one centimeter per second (dyne-sec /cm 3 ). When expressed in newton-sec/m 3 it is 
called the mks rayl. 

Resonance Frequency. A resonance frequency is a frequency at which resonance 
exists. The commonly used unit is the cycle per second. 

Note: In cases where there is a possibility of confusion, it is necessary to specify the 
type of resonance frequency, e.g., displacement resonance frequency or velocity resonance 
frequency. 

Specific Acoustic Compliance. The specific acoustic compliance of a springlike 
device or an enclosed volume of gas is equal to the magnitude of the ratio of the dis- 
placement of the device or of a piston forming one side of the volume to the pressure 
that produced the displacement (units cm 3 /dyne or m 3 /newton). 

Specific Acoustic Impedance. The specific acoustic impedance is the complex ratio 
of the effective sound pressure at a point of an acoustic medium or mechanical device 
to the effective particle velocity at that point. The unit is newton-sec/m 3 , or the mks 
rayl. (In the cgs system the unit is dyne-sec /cm 3 , or the rayl.) That is, Z 8 = p/u 
newton-sec/m 3 (mks rayls). 

Specific Acoustic Mass. The specific acoustic mass is the quantity which when 
multiplied by 2ir times the frequency gives the specific acoustic reactance associated 
with the kinetic energy of the medium (units gm/cm 2 or kg/m 2 ). 

Transmission Loss. In communication, transmission loss (frequently abbreviated 
"loss") is a general term used to denote a decrease in power in transmission from one 
point to another. Transmission loss is usually expressed in decibels. 

3a-3. Transmission Systems and Components 

Acoustical Reciprocity Theorem. In an acoustic system comprising a fluid medium 
having bounding surfaces S h S 2 , # 3 , . . . , and subject to no impressed body forces, 
if two distributions of normal velocities v n and v" of the bounding surfaces produce 
pressure fields p' and p", respectively, throughout the region, then the surface integral 
of (p"v n - p'v") over all the bounding surfaces Si, S 2 , S*, . . . , vanishes. 

Note: If the region contains only one simple source, the theorem reduces to the form 
ascribed to Helmholtz, viz., in a region as described, a simple source at A produces the 
same sound pressure at another point B as would have been produced at A had the source 
been located at B. 

Directivity Factor. (1) The directivity factor on a particular axis of a sound source 
is the ratio of the sound intensity at a point in the far field on the designated axis to the 
sound intensity that would be produced at that same point by a spherical source 
radiating the same total acoustic power. The frequency or the frequency band must 
be stated. (2) The directivity factor on a particular axis of a sound receptor (trans- 
ducer, ear trumpet, etc.) is the ratio of the energy per second produced in the receptor 

1 Named in honor of Lord Rayleigh. 
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in response to a plane sound wave arriving along the designated axis to the energy per 
second that would be produced if plane sound waves having the same mean-square 
sound pressure were arriving simultaneously from all directions with random phase. 
The frequency or frequency band must be specified. 

Directivity Index (Directional Gain). The directivity index of a transducer is an 
expression of the directivity factor in decibels, viz., 10 times the logarithm to the base 
10 of the directivity factor. 

Effective Acoustic Center. The effective acoustic center of an acoustic generator is 
the point from which the spherically divergent sound waves, observable at remote 
points, appear to diverge. 

Effective Bandwidth. The effective bandwidth may be expressed mathematically 
as follows: 



Effective bandwidth 



-/>* 



where / is the frequency in cycles per second and G is the ratio of the power trans- 
mission at the frequency /, to the transmission at the frequency of maximum 
transmission. 

• Electroacoustical Reciprocity Theorem. For an electroacoustic transducer satisfying 
the reciprocity principle, the quotient of the magnitude of the ratio of the open-circuit 
voltage at the output terminals (or the short-circuit output current) of the transducer, 
when used as a sound receiver, to the free-field sound pressure referred to an arbitrarily 
selected reference point on or near the transducer, divided by the magnitude of the 
ratio of the sound pressure apparent at a distance d from the reference point to the 
current flowing at the transducer input terminals (or the voltage applied at the input 
terminals), when used as a sound emitter, is a constant, called the "reciprocity con- 
stant/' independent of the type or constructional details of the transducer. 

Note: The reciprocity constant is given by 

I So I 1*1 Pf 
where Mo = free-field voltage response as a sound receiver, in open-circuit volts per 
microbar, referred to the arbitrary reference point on or near the transducer 
M 8 = free-field current response in short-circuit amperes per microbar, referred to 

the arbitrary reference point on or near the transducer 
So = sound pressure produced at a distance d cm from the arbitrary reference 

point in microbars per ampere of input current 
S 9 = sound pressure produced at a distance d cm from the arbitrary reference point 
in microbars per volt applied at the input terminals 
/ = frequency in cycles per second 

p = density of the medium in grams per cubic centimeter 

d = distance in centimeters from the arbitrary reference point on or near the 
transducer to the point at which the sound pressure established by the trans- 
ducer when emitting is evaluated 

Principal Axis. The principal axis of a transducer used for sound emission or 
reception is a reference direction for angular coordinates used in describing the direc- 
tional characteristics of the transducer. It is usually an axis of structural symmetry, 
or the direction of maximum response; but if these do not coincide, the reference 
direction must be described explicitly. 

Relative Response. The relative response is the ratio, usually expressed in decibels, 
of the response under some particular conditions to the response under reference 
conditions, which should be stated explicitly. 

Response. The response of a device or system is a quantitative expression of the 
output as a function of the input under conditions which must be explicitly stated. 
The response characteristic, often presented graphically, gives the response as a func- 
tion of some independent variable such as frequency or direction. 
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3a-4. Ultrasonics 

Supersonics. Supersonics is the general subject covering phenomena associated 
with speed higher than the speed of sound (as in case of aircraft and projectiles 
traveling faster than sound). 

Note: This term has been used in acoustics synonymously with "ultrasonics." Such 
usage is now deprecated. 

Ultrasonics. Ultrasonics is the general subject of sound in the frequency range 
above about 15 kilocycles per second. 

Ultrasonic Detector. An ultrasonic detector is a device for the detection and 
measurement of ultrasonic waves. 

Note: Such devices may be mechanical, electrical, thermal, or optical in nature. 

Ultrasonic Generator. An ultrasonic generator is a device for the production of 
sound waves of ultrasonic frequency. 

3a-5. Hearing and Speech 

Articulation (Per Cent Articulation) and Intelligibility (Per Cent Intelligibility). 
Per cent articulation or per cent intelligibility of a communication system is the per- 
centage of the speech units spoken by a talker or talkers that is understood correctly 
by a listener or listeners. 

The word " articulation" is customarily used when the contextual relations among 
the units of the speech material are thought to play an unimportant role; the word 
1 'intelligibility" is customarily used when the context is thought to play an important 
role in determining the listener's perception. 

Note 1 : It is important to specify the type of speech material and the units into which 
it is analyzed for the purpose of computing the percentage. The units may be fundamental 
speech sounds, syllables, words, sentences, etc. 

Note 2: The per cent articulation or per cent intelligibility is a property of the entire 
communication system: talker, transmission equipment or medium, and listener. Even 
when attention is focused upon one component of the system (e.g., a talker, a radio receiver) , 
the other components of the system should be specified. 

Audiogram (Threshold Audiogram). An audiogram is a graph showing hearing 
loss, per cent hearing loss, or per cent hearing as a function of frequency. 

Aural Harmonic. An aural harmonic is a harmonic generated in the auditory 
mechanism. 

Average Speech Power. The average speech power for any given time interval is the 
average value of the instantaneous speech power over that interval. 

Difference Limen (Differential Threshold) (Just-noticeable Difference). A differ- 
ence limen is the increment in a stimulus which is just noticed in a specified fraction 
of the trials. The relative difference limen is the ratio of the difference limen to the 
absolute magnitude of the stimulus to which it is related. 

Discrete Word (or Discrete Sentence) Intelligibility. Discrete word intelligibility is 
the per cent intelligibility obtained when the speech units considered are words (or 
sentences) . 

Electrophonic Effect. Electrophonic effect is the sensation of hearing produced 
when an alternating current of suitable frequency and magnitude from an external 
source is passed through an animal. 

Hearing Loss (Deafness). The hearing loss of an ear at a specified frequency is the 
ratio, expressed in decibels, of the threshold of audibility for that ear to the normal 
threshold. 1 

1 See also American Standard Specification for Audiometers for General Diagnostic 
Purposes, Z24. 5-1951, or the latest revision thereof approved by the ASA. 
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Hearing Loss for Speech. Hearing loss for speech is the difference in decibels 
between the speech levels at which the average normal ear and the defective ear, 
respectively, reach the same intelligibility, often arbitrarily set at 50 per cent. 

Instantaneous Speech Power. The instantaneous speech power is the rate at which 
sound energy is being radiated by a speech source at any given instant. 

Loudness. Loudness is the intensive attribute of an auditory sensation, in terms 
of which sounds may be ordered on a scale extending from soft to loud. 

Note: Loudness depends primarily upon the sound pressure of the stimulus, but it also 
depends upon the frequency and waveform of the stimulus. 

Loudness Contours. Loudness contours are curves which show the related values 
of sound pressure level and frequency required to produce a given loudness sensation 
for the typical listener. 

Loudness Level. The loudness level, in phons, of a sound is numerically equal to the 
sound pressure level in decibels, relative to 0.0002 /*b, of a simple tone of frequency 
1,000 cps which is judged by the listeners to be equivalent in loudness. 

Masking. Masking is the amount by which the threshold of audibility of a sound 
is raised by the presence of another (masking) sound. The unit customarily used is 
the decibel. 

Masking Audiogram. A masking audiogram is a graphical presentation of the 
masking due to a stated noise. This is plotted, in decibels, as a function of the fre- 
quency of the masked tone. 

Mel. The mel is a unit of pitch. By definition, a simple tone of frequency, 1,000 
cps, 40 db above a listener's threshold, produces a pitch of 1,000 mels. The pitch of 
any sound that is judged by the listener to be n times that of a 1-mel tone is n mels. 

Peak Speech Power. The peak speech power is the maximum value of the instan- 
taneous speech power within the time interval considered. 

Per Cent Hearing. The per cent hearing at any given frequency is 100 minus the 
per cent hearing loss at that frequency. 

Per Cent Hearing Loss (Per Cent Deafness) . The per cent hearing loss at a given 
frequency is 100 times the ratio of the hearing loss in decibels to the number of decibels 
between the normal threshold levels of audibility and feeling. 

Note 1 : A weighted mean of the per cent hearing losses at specified frequencies is often 
used as a single measure of the loss of hearing. 

Note 2: The American Medical Association has defined percentage loss of hearing for 
medicolegal use. 1 

Phon. The phon is the unit of loudness level. (See definition for Loudness Level.) 
Pitch. Pitch is that attribute of auditory sensation in terms of which sounds may 
be ordered on a scale extending from low to high, such as a musical scale. 

Note 1: Pitch depends primarily upon the frequency of the sound stimulus, but it also 
depends upon the sound pressure and waveform of the stimulus. 

Note 2: The pitch of a sound may be described by the frequency of that simple tone, 
having a specified sound pressure or loudness level, which seems to the average normal ear 
to produce the same pitch. 

Sone. The sone is a unit of loudness. By definition, a simple tone of frequency 
1,000 cps, 40 db above a listener's threshold, produces a loudness of 1 sone. The loud- 
ness of any sound that is judged by the listener to be n times that of the 1-sone tone is 
n sones. 

Syllable (or Sound, or Vowel, or Consonant) Articulation. 2 Syllable (or sound or 

i See J. Am. Med. Assoc. 133, 396, 397 (Feb. 8, 1947). 
2 See notes above under Articulation and Intelligibility. 
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vowel or consonant) articulation is the per cent articulation obtained when the speech 
units considered are syllables (or fundamental sounds, or vowels, or consonants). 

Threshold of Audibility (Threshold of Detectability ) > The threshold of audibility 
for a specified signal is the minimum effective sound pressure of the signal that is 
capable of evoking an auditory sensation in a specified fraction of the trials. The 
characteristics of the signal, the manner in which it is presented to the listener, and the 
point at which the sound pressure is measured must be specified. The threshold is 
usually expressed in decibels relative to 0.0002 jub. 

Threshold of Feeling (or Discomfort, Tickle, or Pain) . The threshold of feeling (or 
discomfort, tickle, or pain) for a specified signal is the minimum effective sound pres- 
sure of that signal which, jn a specified fraction of the trials, will stimulate the ear to a 
pbint such that there is the sensation of feeling (or discomfort, tickle, or pain) . This 
threshold is customarily expressed in decibels relative to 0.0002 /*b. 

3a-6. Music 

Cent. A cent is the interval between two sounds whose basic frequency ratio is the 
twelve-hundredth root of 2. 

Note: The interval, in cents, between any two frequencies is 1,200 times the logarithm 
to the base 2 of the frequency ratio. Thus, 1,200 cents = 12 equally tempered semitones = 
1 octave. 

Complex Tone. (1) A complex tone is a sound wave produced by the combination 
of simple sinusoidal components of different frequencies. (2) A complex tone is a 
sound sensation characterized by more than one pitch. 

Equally Tempered Scale. An equally tempered scale is a series of notes selected 
from a division of the octave (usually into 12 equal intervals, see Table 3a-l). 

Table 3a-l. Equally Tempered Intervals 



Name of interval 



Unison 

Minor second or semitone 

Major second or whole tone 

Minor third 

Major third 

Perfect fourth 

Augmented fourth; diminished fifth. . 

Perfect fifth 

Minor sixth. 

Major sixth 

Minor seventh 

Major seventh 

Octave 



Frequency 
ratio 



1:1 
059463:1 
122462:1 
189207:1 
259921:1 
334840:1 
414214:1 
498307:1 
587401 : 1 
681793:1 
781797:1 
1.887749:1 

2:1 



Cents 





100 

200 

300 

400 

500 

600 

700 

800 

900 

1,000 

1,100 

1,200 



Fundamental Tone. (1) The funamental tone is the component in a periodic wave 
corresponding to the fundamental frequency. (2) The fundamental tone is the com- 
ponent tone of lowest pitch in a complex tone. 

Harmonic. A harmonic is a partial whose frequency is an integral multiple of the 
fundamental frequency. 

Note: The above definition is in musical terms (for the definition in physical terms, see 
Sound) . 
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Harmonic Series of Sounds. A harmonic series of sounds is one in which each basic 
frequency in the series is an integral multiple of a fundamental frequency. 

Interval. The interval between two sounds is their spacing in pitch or frequency, 
whichever is indicated by the context. The frequency interval is expressed by the 
ratio of the frequencies or by a logarithm of this ratio. 

Octave. An octave is the interval between two sounds having a basic frequency 
ratio of 2. By extension, the octave is the interval between any two frequencies 
having the ratio 2:1. 

Note: The interval, in octaves, between any two frequencies is the logarithm to the 
base 2 (or 3.322 times the logarithm to the base 10) of the frequency ratio. 

Overtone. (1) An overtone is a physical component of a complex sound having a 
frequency higher than that of the basic frequency (see Partial below) . (2) An over- 
tone is a component of a complex tone having a pitch higher than that of the funda- 
mental pitch. 

Note: The term "overtone" has frequently been used in place of "harmonic," the nth 
harmonic being called the (n-l)st overtone. There is, however, ambiguity sometimes 
in the numbering of components of a complex sound when the word overtone is employed. 
Moreover, the word "tone" has many different meanings, so that it is preferable to employ 
terms which do not involve "tone" wherever possible. 

Partial. A partial is a physical component of a sound sensation which may be 
distinguished as a simple tone that cannot be further analyzed by the ear and which 
contributes to the character of the complex sound. 

Note 1 : The frequency of a partial may be either higher or lower than the basic fre- 
quency and may or may not be an integral multiple or submultiple of the basic frequency 
(for definition of basic frequency see Basic Frequency). If the frequency is not a multiple 
or submultiple, the partial is inharmonic. 

Note 2: When a system is maintained in steady forced vibration at a basic frequency 
equal to one of the frequencies of the normal modes of vibration of the system, the partials 
in the resulting complex tone are not necessarily identical in frequency with those of the 
other normal modes of vibration. 

Scale. A musical scale is a series of notes (symbols, sensations, or stimuli) arranged 
from low to high by a specified scheme of intervals, suitable for musical purposes. 

Semitone (Half Step). A semitone is the interval between two sounds whose basic 
frequency ratio is approximately equal to the twelfth root of 2. 

Note: The interval, in equally tempered semitones, between any two frequencies, is 
12 times the logarithm to the base 2 (or 39.86 times the logarithm to the base 10) of the 
frequency ratio. 

Simple Tone (Pure Tone). (1) A simple tone is a sound wave, the instantaneous 
sound pressure of which is a simple sinusoidal function of the time. (2) A simple 
tone is a sound sensation characterized by its singleness of pitch. 

Standard Pitch. The standard pitch is based on the tone A of 440 cps (see Table 
3a-2). 

Note 1: With this standard the frequency of middle C is 261.626 cps (see Table 3a-2). 
Note 2: Musical instruments are to be capable of complying with this standard when 
played where the ambient temperature is 22°C (72°F). 

Tone. (1) A tone is a sound wave capable of exciting an auditory sensation having 
pitch. (2) A tone is a sound sensation having pitch. 

Whole Tone (Whole Step) . A whole tone is the interval between two sounds whose 
basic frequency ratio is approximately equal to the sixth root of 2. 
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3a-7. Architectural Acoustics 

Anechoic Chamber. An anechoic chamber is a bounded space in which reflected 
waves are sufficiently weak as to be negligible in the region of interest ; more literally, 
echo-free space. 

Attenuation Constant. See Acoustic Attenuation Constant in Sec. 3a-2. 

Dead Room. A dead room is a room that subjectively sounds nonreverberant. It 
is commonly a room having an unusually large amount of sound absorption. 

Decay Constant. The decay constant is the exponential power by which sound 
decays after the source is stopped (units sec -1 ). 

Note: If po is the effective sound pressure at t = 0, p{t) is the effective sound pressure 
at time t, and the two are related by 

p(t) — poe~ kt 
then k is the decay constant. 

Direct Sound Wave. A direct sound wave in an enclosure is a wave emitted from a 
source prior to the time it has undergone its first reflection from a boundary of the 
enclosure. 

Note:- Frequently, a sound wave is said to be direct if it contains reflections that have 
occurred from surfaces within about 0.05 sec after the sound was first emitted. 

Live Room. A live room is a room that subjectively sounds reverberant. It is 
commonly a room having an unusually small amount of sound absorption. 

Mean Free Path. The mean free path for sound waves in an enclosure is the average 
distance sound travels between successive reflections in the enclosure. 

Noise Reduction. In architectural acoustics, noise reduction generally is the 
difference between the effective sound pressure levels (in decibels) between the noise 
fields on opposite sides of a noise-reducing panel, with all sources of sound being on one 
side of the panel. 

Reverberant Sound. Reverberant sound is that part of the sound in an enclosure 
that has undergone one or more reflections from the boundaries of the enclosure. 

Reverberation Chamber. A reverberation chamber is an enclosure in which all the 
surfaces have been made as sound-reflective as possible. Reverberation chambers are 
used for certain acoustical measurements. 

Room Constant. The room constant is given by the formula 

R = fe 



1 - 



where a. is the average sound-absorption coefficient and S is the total area of the 
boundaries of the room. 

Sabin (Square Foot Unit of Absorption). A sabin is a measure of the sound 
absorption of a surface. It is the equivalent of 1 square foot of a perfectly absorptive 
surface. 

Sound (Energy) Absorption Coefficient. (1) At a particular angle of wave incident, 
the sound-absorption coefficient is the ratio of the sound energy absorbed by the sur- 
face to the energy in the plane wave incident upon it. (2) For random wave inci- 
dence, the sound-absorption coefficient is the ratio of the sound energy absorbed by 
the surface to the energy incident upon it from a sound field in which sound waves are 
striking the surface equally from all angles of incidence. (3) The average sound- 
absorption coefficient for a room is the weighted average of the random-incidence 
absorption coefficients computed from the formula 

Si + S 2 + S* + • • • + Sn 
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where Si, # 2 , # 3 , . . . are areas of particular surfaces in the room; «i, a 2 , «3, • • . 
are the random-incidence absorption coefficients associated, respectively, with those 
areas; and a is the average sound-absorption coefficient for the room. 

Transmission Loss. In architectural acoustics, transmission loss for a wall or panel 
is 10 times the logarithm to the base 10 of the ratio of the sound energy incident upon 
the wall or panel to the sound energy transmitted through it. The transmission loss 
is generally measured under conditions of randomly incident sound waves. The unit 
is the decibel. 
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T absolute temperature, degrees Kelvin 

a absorption, energy, acoustic, total in a room 

a. absorption coefficient, energy 

a absorption coefficient, energy, average 

Y a acoustic admittance 

Ca acoustic compliance 

Ga acoustic conductance 

xa acoustic excitability 

y A acoustic immobility 

Za acoustic impedance (complex) 

Ma acoustic mass (inertance) 

za acoustic mobility 

Wa> Pa acoustic power 

Xa acoustic reactance 

R A acoustic resistance 

ta acoustic responsiveness 

Ba acoustic susceptance 

da acoustic unexcitability 

g A acoustic unresponsiveness 

Y a admittance, acoustic 

Ye, Y admittance, electric 

Ym admittance, mechanical 

Yr admittance, rotational 

Ys admittance, specific acoustic 

A y * amplitude of velocity potential 

Q angle, solid 

angular displacement 

w angular velocity (2tt/) 
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/a antiresonant frequency 

S area (diaphragm, tube, room, or radiator) 

Poj Po atmospheric pressure 

a attenuation constant 

a average absorption coefficient, energy 

Ce capacitance, electrical 

p c characteristic impedance 

Q, q charge, electric 

a coefficient of absorption 

Ca compliance, acoustic 

Cs compliance, specific acoustic 

Cm compliance, mechanical 

Cr compliance, rotational 

£> V) f; £*> £vi £* components of the particle displacement in the x, y, z directions 

u, v, w; u x , u y , u z components of the particle velocity in a;, y, z directions 

s condensation 

Ga conductance, acoustic 

Ge, G conductance, electric 

Gm conductance, mechanical 

Gr conductance, rotational 

Gs conductance, specific acoustic 

k conductivity, thermal 

/, i current, electric 

U current, volume (volume per second) (volume velocity) 

X, k y 8 decay constant 

D, E density, energy 

p density of the medium (instantaneous) 

po density of the medium (static) 

e dielectric coefficient 

A dilatation 

A, DI directivity index 

Re directivity ratio 

4> displacement, angular 

£ x , x displacement, linear 

£ displacement, particle 

X displacement, volume 

r distance from source 

s, x\ distance, linear 

IX elasticity, shear 

Ye, Y electric admittance 

Ce, C electric capacitance 

Q, q electric charge 

Ge, G electric conductance 

/, i electric current 

Ze, Z electric impedance (complex) 

Pe, We, P, W electric power 

Xe, X electric reactance 

Re, R electric resistance 

p electric resistivity 

Be, B electric susceptance 



3-20 ACOUSTICS 

electromotive force, voltage 
energy 

energy density 
energy, kinetic 
energy potential 
excitability, acoustic 
excitability, mechanical 
excitability, rotational 
excitability, specific acoustic 

field strength, magnetic 

flare coefficient in a horn 

flux density, magnetic 

flux, magnetic 

force 

frequency 

immobility, acoustic 
immobility, mechanical 
immobility, rotational 
immobility, specific acoustic 
impedance, acoustic (complex) 
impedance, characteristic 
impedance, electric (complex) 
impedance, mechanical (complex) 
impedance, rotational (complex) 
impedance, specific acoustic (complex) 
index of refraction 
inductance 

inertance, acoustic mass 
inertia, moment of 
• intensity 
intensity level, decibels 

v kinematic viscosity 

T, Ek kinetic energy (inductive energy) 

<t leakage coefficient, magnetic 

I length of a vibrating string, pipe, or rod 

L level in decibels, general 

x, £ linear displacement 

s, x\ linear distance 

L, N loudness, sones 

Ln, LL loudness level, decibels or phons 

H magnetic field strength 

<£ magnetic flux 

B magnetic flux density 

a magnetic leakage coefficient 

£ magnetomotive force 

K, A magnetostriction constant 

m, Mm mass 

Ma mass, acoustic 

Ms mass, specific acoustic 



E, e 


E 


D, E 


T,E K 


V,E P 


XA 


XM 


XR 


xs 


H 


m 


B 


$ 


fM,F 


f 


VA 


Vm 


VR 


ys 


Z A 


POC 


Ze, Z 


Zm 


Zr 


Zs 


n 


L 


M A 


I 


I 


L h IL 
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Y M 


mechanical admittance 




Cm 


mechanical compliance 




Om 


mechanical conductance 




Xm 


mechanical excitability 




Vm 


mechanical immobility 




Zm 


mechanical impedance (complex) 




Zm 


mechanical mobility 




W m ,Pm 


mechanical power 




Xm 


mechanical reactance 




Rm 


mechanical resistance 




TM 


mechanical responsiveness 




Bm 


mechanical susceptance 




bM 


mechanical unexcitability 




9m 


mechanical unresponsiveness 




za 


mobility, acoustic 




zm 


mobility, mechanical 




Zr 


mobility, rotational 




zs 


mobility, specific acoustic 




Y, E 


modulus of elasticity 




I 


moment of inertia 




Lnr, NR 


noise reduction, decibels 




N 


number of turns 




£ 


particle displacement 




£, v, f ; £*, £v7 £* 


particle-displacement components in the 


x, y, z directions 


U a 


particle velocity (average) 




u f v, w; u x , u y , u z 


particle-velocity components in the x, y, 


z directions 


Ui 


particle velocity (instantaneous) 




u m 


particle velocity (maximum) 1 




Up 


particle velocity (peak) 1 




u 


particle velocity (rms) 




p 


perimeter 




T 


period T = 1// 




0, <t>,f 


phase angle 




P 


phase constant 




Jijt Qijf U>ij 


piezoelectric constants 




a 


Poisson's ratio 




Y, P 


porosity (of an acoustical material) 




V,E P 


potential energy (capacitive energy) 







potential, velocity 




A, <£ 


potential, velocity, amplitude 




W, P 


power 




W Ay P A 


power, acoustic 




We, Pe, P, E 


power, electric 




W m ,Pm 


power, mechanical 




W R) P R 


power, rotational 




Po, Po 


pressure, atmospheric 




Pa 


pressure, sound (average) 




P 


pressure, sound (rms) 




Pi 


pressure, sound (instantaneous) 





1 For definitions of "peak" and "maximum" see American Standard Acoustical Ter- 
minology (ASA Z24. 1-1951). 



3-22 ACOUSTICS 

p m pressure, sound (maximum) x 

p p pressure, sound (peak) 1 

7, r propagation constant 

a radius of a diaphragm, tube, or radiator 

Q ratio of mass (or inductive) reactance to resistance 

7 ratio of specific heats 

Xa reactance, acoustic 

Xe, X reactance, electric 

Xm reactance, mechanical 

Xr reactance, rotational 

Xs reactance, specific acoustic 

n refraction, index of 

r relaxation time 

61 reluctance 

Ra resistance, acoustic 

Re } R resistance, electric 

Rm resistance, mechanical 

Rr resistance, rotational 

Rs resistance, specific acoustic 

p resistivity, electrical 

ta ( responsiveness, acoustic 

tm (responsiveness, mechanical 

tr responsiveness, rotational 

rs responsiveness, specific acoustic 

T, Jeo reverberation time 

R room constant aS/(l — a) 

Yr rotational admittance 

Cr rotational compliance 

Gr rotational conductance 

xr rotational excitability 

2/ij rotational immobility 

Zr rotational impedance (complex) 

zr rotational mobility 

Wr, Pr rotational power 

Xr rotational reactance 

Rr rotational resistance 

tr rotational responsiveness 

Br rotational susceptance 

bR rotational unexcitability 

gR rotational unresponsiveness 

Ls y SL sensation level, decibels 

fi shear elasticity 

A, Uo simple source strength 

Q solid angle 

Lw, PWL sound power level, decibels 

p a sound pressure (average) 

Pi sound pressure (instantaneous) 

p M sound pressure (maximum) 1 

p p sound pressure (peak) 1 

1 For definitions of "peak" and "maximum" see American Standard Acoustical Ter- 
minology (ASA Z24.1-1951). 
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p sound pressure (rms) 

Lp, SPL sound pressure level, decibels 

A, Uo source, simple, strength of 

r source, distance from 

Ys specific acoustic admittance 

Cs specific acoustic compliance 

Gs specific acoustic conductance 

xs specific acoustic excitability 

ys specific acoustic immobility 

Ms specific acoustic mass 

zs specific acoustic mobility 

Xs specific acoustic reactance 

Rs specific acoustic resistance 

rs specific acoustic responsiveness 

Bs specific acoustic susceptance 

bs specific acoustic unexcitability 

gs specific acoustic unresponsiveness 

7 specific heats, ratio of 

c speed of sound 

s, S stiffness 

A, Uo strength of a simple source 

Ba susceptance, acoustic 

Be, B susceptance, electric 

Bm susceptance, mechanical 

Br susceptance, rotational 

Bs susceptance, specific acoustic 

G x system-rating constant 

T temperature, absolute, degrees Kelvin 

F tension (force) in a membrane or string 

k thermal conductivity 

t thickness 

t time 

r time, relaxation 

T, Uo time, reverberation 

/«, T torque 

a total acoustical (energy) absorption in a room 

r transmission coefficient, energy, barriers 

Lt, TL transmission loss of building structures, decibels 

N turns, number of 

bA unexcitability, acoustic 

6jkf unexcitability, mechanical 

6ie unexcitability, rotational 

bs unexcitability, specific acoustic 

gA unresponsiveness, acoustic 

gM unresponsiveness, mechanical 

git unresponsiveness, rotational 

gs unresponsiveness, specific acoustic 

u velocity 

w velocity, angular (2irf) 

c velocity of sound 

u a velocity, particle (average) 
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Ui 

Um 
Up 
U 
4> 

A, <J> 
U 

v 

v 

E, e 
V 

U 
X 

u 



velocity, particle (instantaneous) 

velocity, particle (maximum) 1 

velocity, particle (peak) 1 

velocity, particle (rms) 

velocity potential 

velocity potential amplitude 

velocity, volume 

viscosity, dissipative or frictional 

viscosity, kinematic 

voltage, electromotive force 

volume 

volume current; volume velocity 

volume displacement 

volume velocity; volume current 



X 
k 
w 



wavelength 
wave number, 
width 



= 2tt/ __ 2ir 



Y, E 



Young's modulus 



Table 3b-l. Conversion Factors for Acoustical Quantities 



Multiply the 
number of 



Acoustic ohms 

Atmospheres 

Centimeters 

Cubic centimeters 

Dynes 

Dynes/cm 2 

Ergs 

Ergs per second 

Ergs per second /cm 2 

Gauss 

Kilograms 

Mechanical ohms 

Meters 

Microbars 

Newtons 

Newtons per square meter 
Pounds per square foot. . . 

Rayls 

Watts per square meter . . 
Webers per square centi- 
meter 



By 



10 5 
406.80 
10~ 2 
10~ 6 
10~ 5 
10" 1 
10~ 7 
10- 7 
10" 3 
10~ 4 
10 3 
10- 3 
10 2 

10- 1 

10 5 
10 

0.4882 
10 
10" 4 

10 4 



To obtain the 
number of 



Mks acoustic ohms 

Inches of water at 4°C 

Meters 

Cubic meters 

Newtons 

Newtons per square meter 

Joules 

Watts 

Watts per square meter 

Webers per square meter 

Grams 

Mks mechanical ohms 

Centimeters 

Newtons per square meter 

Dynes 

Dynes per square centimeter 

Grams per square centimeter 

Mks rayls 

Watts per square centimeter 

Gauss 



Conversely 
multiply by 



10" 5 

2.458 X 10" 
10 2 
10 6 
10 5 
10 
10 7 
10 7 
10 3 
10 4 
10" 3 
10 3 

10- 2 

10 
10" 5 
10" 1 
2.0481 
10" 1 
10 4 

10~ 4 



1 For definitions of "peak" and 
minology (ASA Z24. 1-1951). 
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3c. Propagation of Sound in Fluids 
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3c-l. Glossary of Symbols 1 

a, oi; a-, material coordinate (31); surface element (12) 

A '> Al surface (12), attenuation per wavelength (76), Avogadro's number 

(95); first order vector potential 
B coefficient relating Vp and Vp (58) 

c, c ; c°, c«> speed of sound, reference speed (25); low- and high-frequency limit 

speeds (84) 
c ' speed of thermal wave (786) 

C*» Cv specific heats at constant pressure, constant volume (14) 

dij rate of deformation tensor (9) 

D material differential operator (2) 

E, F, G, H algebraic abbreviations (74) 

E, E k , Er, E diafs energy densities per unit mass (60), (12); degraded component of 

internal energy (66) 
ft f v,f( ),f(h) frequency, sum of viscosity terms (62), "function of" (45), special 

tabulated function (75) 
A/ c critical bandwidth (98) 

F*t F vector body force per unit mass (6) 

9(h) tabulated function (75) 

h material mass coordinate (37), argument of tabulated function (75), 

Planck's constant (89) 
h 3t k coordinate indexes (1) 

I average sound-energy-flux density = sound intensity (64) 

J designation of imaginary axis, [e + ^ f ] (69) 

J sound-energy flux vector (54) 

^> ko P hase constant =» «/c = 27r/X, Boltzmann's constant (89), k = 

o>/c = 2tt/X (47) 
K; K s , Ko, K T elastic modulus = -V(DP/DV) (25), material constant = <*/c* 
(84) ; isentropic modulus, reference modulus, isothermal modulus 
L mean free path (86), a sum of linear dimensions (90) 

M peak particle-velocity Mach number = <o£o/c (49), molecular 

weight (95) 
Uv total number of molecules per unit volume (95) 

N number of modes of vibration (90) 

°( ) additive terms of indicated order of magnitude (76) 

1 Numbers indicate equation number in or near which quantity is defined. 
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V, Vh P2 incremental, or sound, pressure; first- and second-order sound pres- 

sures (25) 

P, P ; P mi J°th total pressure (7), equilibrium or reference pressure (25); mean pres- 
sure (7), thermodynamic pressure (14) 

Pi, P2; <P rms fundamental and second-harmonic pressure (49a); Prandtl 

number (72) 

q f q i; q heat flux vector (12); Stokes radiation coefficient (216) 

q; q E } q L exemplar of state or condition variable (39); superscript indicates 

function of spatial (E) variables, or material (L) variables (326) 

R, R; Pi, P 2 vorticity = |v X u (lid), real part of complex impedance; first- and 
second-order components of vorticity (57) 

S; si specific entropy per unit mass (14), first-order condensation = pi/p 

(59) 

S; S'; /S irr Stokes number = co^/Wo 2 (72), total interior surface (90) ; frequency 

number for radiati6n=^^/c| (72); entropy generated irreversibly 
(15a) 

t;tij time (2) ; stress tensor (6) 

T absolute temperature (12) 

u, m; ui, u 2} u s particle velocity (1) ; velocity components 

Ui, u 2 first- and second-order components of particle velocity (25) 

v; 'v specific volume = p' 1 (1); mean molecular velocity (86) 

V viscosity number = 2 + ti'Jt\ (10) 
V; Vij volume (1); residual stress tensor (7) 
a; 1, £2, x z cartesian coordinates (1) 

X; X' frequency number =■ cot/D/Wo 2 (72), specific acoustic reactance (69) ; 

frequency number for relaxation (84) 

Y thermoviscous number = K/rjVCp (72) 

Zy z specific acoustic impedance ratio* (87), and impedance (69) 

«; a K , etc attenuation constant (69); "Kirchhoff" and "classical" attenuation 

(79a,6) 

18.; Pnofe coefficient of thermal expansion - P (dv/dT) P (22) ; spectrum level - 

10 logio d(p*/p Q *)/df (98) 

y ratio of specific heats = C p /C v (14) 

5; Bi, ; A finite increment (32) ; Kronecker delta (7) ; dilatation rate = V • u (4) 

€ specific internal energy per unit mass (13) 

v, v, vb coefficient of shear viscosity (10), "second" or dilatational viscosity 

(10), bulk viscosity (10) 

0ly e 2 first- and second-order variational components of temperature (25) 

K thermal conductivity (21a) 

X; x wavelength = c/f (47); X = c /f 

V) v ' } VB kinematic viscosity coefficients (10) = y/p, etc. 

£. ^ displacement of particle from equilibrium (31); partial derivative 

with respect to subscript variable (416) 
densities: total, equilibrium; first- and second-order variational 
components 
■ Tvj Tk relaxation times (83, 85) 

; <t> vt <f> k scalar velocity potential (55) ; viscous and thermal dissipation func- 

tions (16, 18) 
complex propagation constant = a + jk (69) 

yjz functional relation (71) 

co; «r, co„, m angular frequency = 2*-/; relaxation angular frequencies (84) 

V, V • , V X gradient, divergence, and curl operators 

( } time average 



p, Po; pi, Pi 



<p2 



X 
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3c-2. The Motion of Viscous Fluids. The motions of a fluid medium that comprise 
sound waves are governed by equations that include (1) a continuity equation express- 
ing the conservation of mass, (2) a force equation expressing the conservation of momen- 
tum, (3) a heat-exchange equation expressing the conservation of energy, and (4) one 
or more defining equations expressing the constitutive relations that characterize the 
medium and its response to thermal or mechanical stress. These equations will first 
be presented in their complete exact form in order to provide a rigorous point of 
departure for the approximations that must ultimately be made in formulating the 
linearized, or smallrsignal, acoustic equations. 

The transformation properties of these equations can be indicated by writing them 
in either vectorial or tensorial form, and both forms will be exhibited in order to 
facilitate contacts with the rich literature dealing with the motion of fluids. 1 

Cartesian spatial coordinates will be designated xi, x 2 , x s , and the vector velocity of 
a material particle will be identified as u with components ui, u 2 , u 3 . These will also 
be written as xi and m, where it is implied that the subscript i, j, or k takes on suc- 
cessively the values 1, 2, 3. The term "material particle" denotes a finite mass 
element of the medium small enough for the values assumed by the state variables at 
every interior point of the particle not to differ significantly from theValues they have 
at the interior reference point whose coordinates "locate" the particle. 

Equation of Continuity. The conservation of mass requires that pV = poVo, where 
po and Vo are initial and p and V are subsequent values assumed by the density and 
volume of a particular material element of the medium. It follows that 

P DV + VDp = ^-= -&R (3c-l) 

v p ■», 

If poVo is set equal to 1, Vo becomes the specific volume, v = 1/p; whence the relation 
between the total logarithmic time derivatives of v and p is 



pj 



vDt pDt Dt ~ Dt (3c_2) 



where D( )/Dt denotes the "material" derivative, i.e., one that follows the motion 
of a material "particle" of the medium relative to a fixed spatial coordinate system, 
and is defined by 

'■; V ■ V +--< >-V+-».V ** 

Analysis of the rate of deformation of a volume element yields the kinematical relation 

--= dl vu^A = - 00-4) 

where A is the dilatation rate. Note that in the last terms of (3c-3) and (3c-4) sum- 
mation is implied over all the allowable values of the subscript index. Equations 
(3c-2), (3c-3), and (3c-4) can be combined to yield the following equivalent forms of 
Euler's continuity equation: 

1 A definitive restatement of the classical-continuum point of view, with critical com- 
ments on more than 800 bibliographical references, has been given by C. Truesdell, The 
Mechanical Foundations of Elasticity and Fluid Dynamics, J. Rational Mechanics and 
Analysis 1, 125-300 (January and April, 1952), and Corrections and Additions . . . , 
/. Rational Mechanics and Analysis 2, 593-616 (July, 1953). See also Lamb, "Hydro- 
dynamics," 6th ed., Dover Publications, New York, 1945; Rayleigh, "Theory of Sound," 
2d ed. rev., Dover Publications, New York, 1945; ahdL. Howarth, ed., "Modern Develop- 
ments in Fluid Dynamics, vol. I, chap. Ill, Oxford University Press, New York, 1953. 
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Dp . dm dp dp dm Dp ,. _ n 

Dt + p ^ = m + Ui ^ + p ^r Dt + pdiY n - ° 

= - 7 ^+A=^7+u- grad P + p div u 

p i>t at 

-J+u-Vp+pV-u = |^+V- (pu) (3o-6) 

In the last line of (3c-5), the Gibbs-Hamilton notation has been used for the differen- 
tial vector operators, V = grad; V • = div; V X = curl. 

Force Equation. The linear-momentum principle can be stated in terms of Cauchy's 
first law of motion, 

'%-*+§! (3c - 6) 

where the vector Fi is an extraneous body force per unit mass, and where Uj is a second- 
rank stress tensor that represents the net mechanical action of contiguous material on 
a volume element of the medium due to the actual forces of material continuity. For 
an isotropic medium in which the stress is a linear function of the rate of deformation, 
as here assumed, the stress tensor can be resolved arbitrarily as the sum of a scalar, or 
hydrostatic, pressure function P and a residual stress tensor V%i denned by 

t ti = -Pdij + Vij Uj = tji (3c-7) 

where 5»,- is the Kronecker delta which equals unity if i = j, but is zero otherwise. 
Unless Va vanishes, P is not identical with the mean pressure, P m = — %U%. The 
resolution given by (3c-7) is both unique and useful, however, if P is made equal to the 
thermodynamic pressure P th denned below. Then the residual stress tensor is given, 
to a first approximation, by the linear terms of an expansion in powers of the viscosity 
coefficients; 

Va = v'duSu + 2nda V i2 - - TV (3c-8) 

in which d^ is the rate of deformation tensor defined by 

*<-i(£!+g) (3c - 9) 

and where t\ is the "first," or conventional shear, viscosity coefficient. In accordance 
with current proposals for standardization, t\' replaces X, the symbol used by Stokes, 
Rayleigh, Lamb, et al., to designate the "second," or dilatational, viscosity coefficient. 
The term "bulk" viscosity is reserved for (X + |m) -► W + h)> the linear combina- 
tion of coefficients that vanishes when the Stokes relation holds. Thus, rj = first, or 
shear, viscosity; 17' = second, or dilatational, viscosity; t) B = i\' + #7? = bulk viscosity; 
v = v /p; v' = rj' '/p; v B = vb/p (kinematic viscosities); 

(X + 2 M ) -W + &i - 1* +|i - * (t + 7) * vV (3c-10) 

<0 == — f- ^ = 2 + — = viscosity number 
3 7] v 

Putting (3c-7), (3c-8), (3c-9) into (3c-6) yields the vector force equation in the 
following equivalent forms: 

dui . Out w dP . d 

at~ JrpUi te i =Pi ~tei^i 

_ dP _i_ ' dhLk 4- — (^ -4- ^A 
" p ' dxi + V dXidXk "*" v dxj \dXj "*" dxi) 

+ ^W + ^d±+dui*n_ ( 3 C . na) 

^ dx k dXi ^ dXj dXj dXi dXj 



p ^ + ™ W. = *<- £ + £ «*»*« + **,) 
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P -^ = P F - grad P + W + r,) grad (div u) + v v 2 (u) 

+ (div u) grad t\' + 2 (grad 07 • grad) u + grad 77 X curl u (3c-116) 

P ~ = pF ~ P(u • V)u - VP + (V + 2 V )V(V • u) - riV X (V X u) 

+ (V • u)V7/ + 2(Vt7 • V)u -f Vr, X (V X u) (3c-llc) 

The vorticity, defined by R = ^ curl u = -|(V X u), and the dilatation rate, A = 
V • u, can be introduced as useful abbreviations. A somewhat more symmetrical 
expression in terms of the mass transport velocity pu is obtained if the last form of the 
continuity equation (3c-5) is multiplied by u and added to (3c-llc), giving 

^^ + u(V • pu) + (pU • V)U = pF - VP + V VVA - 2r/V X R + AVrj' 

+ 2(Vrj • V)u + 2Vv X R (3c-lld) 

These equations reduce to the so-called Navier-Stokes equations when it is assumed 
that 77 and V are constant (Vr? = Vrj' = 0) and that the Stokes relation holds (ri B — 0, 
^ = -|) > an< i still further simplification follows if the motion is assumed irrotational 
so that R = 0. If the viscosity coefficients are to be regarded as functions of one 
or more of the state variables, however, the gradients of the pi's must be retained so 
that the implicit functional dependence can be introduced by writing, for example, 
Vv = (d v /dT)vT + • • • • 

Energy Relations and Equations of State. The conservation of energy requires that 
the following power equation be satisfied: 



D(E k + Ei) 
Dt 



I pFiUi dV + i tijUj dai - j q { dai (3c-12) 

where E k is the kinetic energy associated with the material velocity, Ej is the total 
internal energy, V is a volume bounded by the surface A, dai is the projection of a 
surface element of A on the plane normal to the +Xi axis, Fi is the extraneous body 
force (per unit mass), and qi is the total heat flux vector (mechanical units). After 
the surface integrals are converted to volume integrals by using the divergence 
theorem, and with the help of (3c-6), this equation reduces to the Fourier-Kirch- 
hoff-C. Neumann 1 energy equation, 

'§ -*"*<-!£ < 3c - 13 > 

where e is the local value of the specific internal energy (per unit mass) defined through 

Ei = I pedV. It is now postulated that the state of the fluid is completely specified 

by € and two other local state variables, which can be taken as the specific entropy s 
(per unit mass) and the specific volume v = p _1 , in terms of which the thermodynamic 
pressure and temperature, and the specific heats can be defined by 



*- r (S), *- r (£). *-£: 



(3c-14) 



The second law of thermodynamics can be introduced in the form of an equality, 
which replaces the classical Clausius-Duhem inequality, through the expedient of 
accounting explicitly for the creation of entropy >S irr (per unit volume) by irreversible 

1 See footnote, p. 3-27. 
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dissipative processes; 1 thus 

This relation states that the increase of entropy in a material element is accounted for 
by the influx of heat and by the irreversible production of entropy within the element. 
The left-hand side of (3c- 15a) can also be written, with the help of the continuity 

relation, as / p(Ds/Dt) dV. Then, after converting the surface integral to a volume 

integral, the second law can be given in differential form as 

9 Dt dXi T "*" Dt 

1 dqi qi dT DSur ~ 1% x 

A thermal-dissipation function <f> k can be denned by 

'*■--$£ (3c - 16) 

whereupon multiplying (3c-15fc) by T yields the second-law equality in the form 

p r^=-|S-^ + r^ (30.16c) 

Dt dXi Dt 

Taking the material derivative of the basic equation of state (3c-14i) (where the 
subscript added to an equation number indicates the serial number of the equality 
sign to which reference is made when several relations are grouped under one marginal 
identification number), introducing the definitions for P t h and T, multiplying by p, and 
using (3c-4), gives 

■' r S--'S +;***■'■ (3c " 17) 

The energy equation (3c-13) can be recast, using (3c-7) and (3c-9), in the form 

p Wt^ PA+ & == ViAj = ** (3c " 18) 

in which Vijda, the dissipative component of the stress power Ujdu, is defined as the 
viscous dissipation function <f> v . The usefulness of specifying the arbitrary scalar 
in (3c-7) as the thermodynamic pressure, so that P'= P t h, becomes apparent when 
p De/Dt'm eliminated between (3c-18) and (3c-17), giving 

= ,,-g (80-19) 

The viscous dissipation function (dissipated energy per unit volume) is thus seen to 
account for either an efflux of heat or an increase of entropy. Subtracting (3c-19) 
from (3c-15c) then allows the rate of irreversible production of entropy to be evaluated 
directly in terms of the two dissipation functions, 

T^§r = <b + <t>< y ( 3c - 2 °) 

The total heatiflux vector q if whose divergence is the energy transferred away from 
the volume element, must account for energy transport by either conduction or radi- 
i Tolman and Fine, Revs. Modern Phys. 20, 51-77 (1948). 
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ation. The part due to conduction is given by the Fourier relation, which serves also 
to define the heat conductivity k; 

Wihond - * 6xi 

djqiUnd _ d(KdT/dxd _ d*T dT 6k ■ 

dxi ~ "■ dx7~ " ~*te?~dxidxi ^d-Zla) 

The last term, containing the gradient of k, must be retained if implicit dependence of 
k on the state variables is to be represented. On the other hand, if k is assumed to be 
constant, (3c-21a) reduces to the more familiar form 

V • q CO nd = —kV 2 T 

The component of heat flux due to radiation can be approximated, for small tem- 
perature differences, by Newton's law of cooling, 

dfe)rad 



dxi 



P C v c\(T - To) = V • qrad (3c-216) 



where (T — T ) is the local temperature excess and q is a radiation coefficient intro- 
duced by Stokes. 1 The foregoing thermal relations can be combined with the equa- 
tions of continuity and momentum more readily if the term T(Ds/Dt) appearing in 
(3c-19) is expressed in terms of the variables u, v, and T. The denning equations 
(3c-14) establish that P = P(v,s) and T — T(v,s); from which it follows that one may 
also write s = s(T,v) or s = s(TjP). Using both of the latter leads, after some 
manipulation, 2 to the identity 

.^g-pC.[ (l r-l)| + ^] (3C-22) 

in which is the coefficient of thermal expansion, /3 = p(dv/dT) P . After (3c-22) and 
(3c-21) are combined with (3c-19), the energy equation can be written in the alternate 
forms 

pCvDT ■ y - 1 dm d qi 

pCv (if + U * VT ) + p(Cp ~ Cv) A - V - (kVT) + pCMT - To) -<*>„ =0 (3c-23) 

g + u . vr + (-l) A _^ v2r _^ +q(r _ ro) _^ = o 

The viscous dissipation function <f> n can be evaluated, with the aid of (3c-8) and 
(3c-9) in the explicit form 

<h — Vijdn = y'dkkdu + 2rfdijdji 

— A2 4- - r/dltA 2 (du 2 \ 2 I'/d^sV dU\du 2 du 2 du s du* dui ~\ 

- VB + 3 V l\ dXl J + \dx 2 ) \dxz) dXidX2 dx 2 dXs dXz dXx\ 

+ ' Lfe + w + \d^ + wj + te + w J (3c - 24a) 

The thermal dissipation function <f> K due to heat conduction can be evaluated, with the 
aid of (3c- 16) and (3c-21a), in the form 

It does not appear explicitly in (3c-23), but it is there implicitly as a consequence of 
the heat-transfer processes described by (3c-23). 

iPhil. Mag. (4) 1, 305-317 (1851). 

2 See, for example, Zemansky, "Heat and Thermodynamics," 3d ed., pp. 246-255, 
McGraw-Hill Book Company, Inc., New York, 1951. 
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Summary of Assumptions. The fluid considered is assumed to be continuous except 
at boundaries or interfaces, locally homogeneous and isotropic when at rest, viscous, 
thermally conducting, and chemically inert, and its local thermodynamic condition is 
assumed to be completely determined by specifying three " state" variables, any two 
of which determine the third uniquely through an equation of state. No structural 
or thermal " relaxation" mechanism has been presumed up to this point in the analysis, 
except to the extent that ordinary heat conduction and viscous losses may be described 
in such terms. Local thermodynamic reversibility has been assumed in using con- 
ventional thermodynamic identities based on the second law, but the irreversible pro- 
duction of entropy by dissipative processes has been accounted for explicitly. It is 
also assumed that the stress tensor is a linear function of the rate of deformation, and 
that the tractions due to viscosity can be represented by the linear terms of an expan- 
sion in powers of the viscosity coefficients. The viscosity and heat-exchange parame- 
ters of the fluid 77, 77 '> *> and q, may depend in any continuous way on the state variables 
and hence may be implicit functions of time and the spatial coordinates. Within the 
scope thus defined the equations given are exact. 

The functional dependence on time and the spatial coordinates of the condition and 
motion variables P, T, p, and u can be evaluated, in a formal sense at least, by solving 
the set of four simultaneous equations connecting these variables [Eqs. (3c-5), (3c-ll), 
(3c-23), and (3c- 15) or one of its alternates]. No general solution of these complete 
equations has been given, however, and one or another of the least important terms 
are usually omitted in order to render the equations tractable for dealing with specific 
problems. 

3c-3. The Small-signal Acoustic Equations. The physical theory of sound waves 
deals with systematic motions of a material medium relative to an equilibrium state 
and thus comprises the variational aspects of elasticity and fluid dynamics. Such 
perturbations of state can be described by incremental, or acoustic, variables and 
approximate equations governing them can be obtained by arbitrarily "linearizing" 
the general equations of motion. These results, as well as higher-order approxima- 
tions, can be derived in an orderly way by invoking a modified perturbation analysis. 1 
This consists of replacing the dependent variables appearing in (3c-5), (3c-ll), and 
(3c-23) by the sum of their equilibrium or zero-order values and their first- and second- 
order variational components, and then forming the separate equations that must be 
satisfied by the variables of each order. Two of the composite state variables, for 
example p and T, can be defined arbitrarily, whereupon the third, P, is determined 
by the functional equation of state. These definitions, some self-evident manipula- 
tions, and the subscript notation identifying the orders can be exhibited as follows : 

P = po + pi + P2 T s To + 0i + 02 

Vp = Vpi + Vp 2 VT = V0i + V0 2 

P(p,T) s Fo(po,r ) + pi + p 2 

» + * 2 - [(f ) J. (P "" P0) + [(S?) J. (7 - T.) + . . ■ (3c-25) 

_ K 8 _ C p 
7 ' ~ Kt~~C v 

Cn 2 Cn 2 

Pi = — (pr+ /Sopo0i) P2 = — (p 2 + /3 o po0 2 ) 

t y 

U s + Ui + u 2 V*u=A=Ai+A 2 = V-Ui+V'U 2 

pU = [poUi]i + [plUi + PoU 2 ]2 + • • • 

V ' (pU) = [poV • Ui]i + [piV • Ui 4- Ui • Vpi + poV • U 2 ]2 -f • • • 
1 Eckart, Phys. Rev. 73, 68-76 (1948). 
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Terms containing Vpo have been omitted in writing out V • (pu), on the assumption 
that po, To, and P are constant and u = 0. The reference state need not be so 
restricted to one of static equilibrium provided its time and space rates of change are 
presumed small in comparison with the corresponding change rates of the acoustic 
variables. The extraneous body force F will also be omitted hereafter; itwduld 
become important in cases involving electromagnetic interaction, but it usually 
derives from a gravitation potential and affects primarily the equilibrium configura- 
tion. 1 Little generality is sacrificed by omitting F and assuming a static reference, 
moreover, since the basic equations characterize directly the equilibrium condition 
and since the "cross-modulation" effects brought in by nonlineaxity are dealt with 
adequately through second- or higher-order approximations. 

Notice that the foregoing represents a mathematical-approximation procedure that 
is concerned only with the precision achieved in interpreting the content of the basic 
equations. The accuracy with which the basic equations themselves delineate the 
behavior of a real fluid is an entirely different question that must be considered inde- 
pendently on its own merits. It follows that, while good judgment may restrain the 
effort, there is no impropriety involved in pursuing higher-order solutions of the 
acoustic equations, even though the equations themselves may embody first-order 
approximations to reality such as that represented by assuming linear dependence on 
the viscosity coefficients and the deformation rate. 

When the appropriate relations from (3c-25) are substituted in (3c-5), (3c-ll), and 
(3c-23), the first-order acoustic equations can be separated out in the form 

^ + p (V • m) - (3c-26a) 

Po ^T + — " ( 1 + 0opo ^) Vpi - (voV)V(V • ui) + V oV X (V X Ui) = (3c-266) 
dt y \ Vpi/ 

P oC v ^ + poCv{ Z ~ 1} (V • ui) - koV 2 Oi + poCU0i = (3c-26c) 

Inasmuch as the first-order effects of both shear and dilatational viscosity and of heat 
conduction and radiation have been included, these equations comprehend a visco- 
thermal theory of small-signal sound waves. The sound absorption and velocity 
dispersion predicted by this theory are discussed below. Note especially that taking 
heat exchange into account explicitly by including (3c-26c) has precluded the con- 
ventional adiabatic assumption and denied the simplifying assumption that P = P{p). 
Adiabatic behavior would be assured, on the other hand, if it were assumed at the 
outset that k = q = 0, but the behavior would not at the same time be strictly 
isentropic so long as irreversible viscous losses are still present and accounted for. 
The difference between adiabatic and isentropic behavior in this case is of second 
order, however, as indicated by the fact that the second-order dissipation functions 
(f> do not appear in the first-order energy equation (3c-26c), which is thereby reduced 
to yielding just the isentropic relation between dilatation and excess temperature. 
It is allowable, therefore, in this first-order approximation, to replace the quotient 
(V0i/Vpi) appearing in (3c-266) with the isentropic derivative (dT/dp) 8 — (y — 1)/pp\ 
whereupon the first-order equation of motion for an adiabatic viscous fluid can be 
written as 

Po^r + Co 2 V Pl - r, VV(y- Ui) + 2rjo(T X Ri) = (3c-27) 

eft 

If the effects of viscosity, as well as of heat exchange, are to be neglected, the diver- 
gence of what is left of (3c-27) can be subtracted from the time derivative of (3c-26a) 

1 But, for a case in which F and Vpo cannot be neglected, see Haskell, J. Appl. Phys. 
22, 157-168 (February, 1951). 
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to yield the typical small-signal scalar wave equation of classical acoustics, 



d 2 Pi 
dt 2 



= (f )v*„ (3c-28«) 



and, with the help of the first-order isentropic relation pi = Co 2 (pi)„ this wave equation 
becomes, in terms of the sound pressure, 

i ^ =c *V*pi (3c-286) 

3c-4* The Second -order Acoustic Equations. The same substitution of composite 
variables that delivered (3c-26a), (3c-26fe), and (3c-26c) will also yield directly the 
second-order equations of acoustics, which can now be marshaled as follows: 

^ -f po(V • u 2 ) + V • ( Pl ui) = (3c-29a) 

P.§+=^^ ) +Potti(V-1li),+ (tti-V)u 1 

+ ^ (l + /3 po ~) V P2 - V oVV(V • u 2 ) + 2t7o(V X R 2 ) 
y \ vp2/ 

- (Wi)(V ' ui) - 2(Vi|i • V)ui - 2(V Vl ) X Ri = (3c-296) 

+ ^r p.V«. - ^^ + Q9 2 - ^ = (3c-29c) 

The subscripts appended to k and the ry's imply that each may be expressed in the 
generic form 

r,(T, p, • • .) = ^0(^0, po, • • •) +;m in = ^ 0i + |2 pi + . . . (3c-30) 

No general solution of these complete second-order equations has been given, but they 
provide a useful point of departure for making approximations and for investigating 
some second-order phenomena that cannot be predicted by the first-order equations 
alone. 

3c-6. Spatial and Material Coordinates. Equations (3c-26) and (3c-29) are 
couched in terms of the local values assumed by the dependent variables p, P, T, and u 
at places identified by their coordinates Xi in a fixed spatial reference frame, commonly 
called Eulerian coordinates (in spite of their first use by d'Alembert). As an alternate 
method of representation, the behavior of the medium can be described in terms of the 
sequence of values assumed by the dependent condition and state variables pertaining 
to identified material particles of the medium no matter how these particles may move 
with respect to the spatial coordinate system. The independent variables in this case 
are the identification coordinates a», rather than the position coordinates; the latter 
then become dependent variables that describe, as time progresses, the travel history 
of each particle of the medium. Such a representation in terms of material coordinates 
is commonly called Lagrangian (in spite of its first introduction and use by Euler) . 

The Wave Equation in Material Coordinates. The use of material coordinates can 
be demonstrated by deriving the exact equations governing one-dimensional (plane- 
wave) propagation in a nonviscous adiabatic fluid. Consider a cylindrical segment 
of the medium of unit cross section with its axis along +x, the direction of propaga- 
tion, and let x and x -f- 8x define the boundaries of a thin laminar " particle' ' whose 
undisturbed equilibrium position is given by a and a -\- 8a. The difference x — a = £ 
defines the displacement of the a particle from its equilibrium position and provides a 
convenient incremental, or acoustic, dependent variable in terms of which to describe 
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the position, velocity, and acceleration of the particle; thus 

«W)-. + «*0 g -«*<«,«) -Jf *£-g (3C-31) 

Continuity requires that the mass of the particle remain constant during any dis- 
placement, which means that 

P ,Sa = P H X = > (aa + 1 1.) .^-g-l+g (3c-32a) 

or, for three-dimensional disturbances and in general, 

PO = d{x u x t ,xi) 

P L d(a lf a 2 ,a z ) (Sc-32b) 

in which the symbolic derivative stands for. the Jacobian functional determinant. 
The superscript L is used here and below as a reminder that the dependent variable 
so tagged adheres to, or "follows" in the Lagrangian sense, a specific particle, and that 
it is a function of the independent identification coordinates. When not so tagged, or 
with superscript E added for emphasis, the state variables p, P, T, and the condition 
variable u are each assumed to be functions of time and the spatial coordinate x. 

The net force per unit mass acting on the particle at time t is — (p L )~ 1 dP L /dx f where 
p L and P L are the density and pressure at x, the "now" position of the moving particle. 
However, inasmuch as x is not an independent variable in this case, the pressure 
gradient must be rewritten as (dP L /da)(da/dx), from which the second factor can be 
eliminated by recourse to (3c-32a). The momentum equation then becomes just 

p d 2 £ -dP L 

-ST = -^- (3c-33) 

The adiabatic assumption makes available the simplified equation of state, P = P(p), 
and this relation, in turn, allows the material gradient, dP L /da, to be written as 

-dP L /dP L \ dp L dp L 

from which the last factor can be eliminated by using (3c-32a) again. This leads at 
once to the exact wave equation 1 



d2| 
dt 2 



-Ur) ^ = c2 ( 1 + al) d < 3c - 35 > 

The pressure-density relation for a perfect adiabatic gas is P = P (p/po) 7 , from 
which it can be deduced that 

-(£).- 2(3" -"(£)" 

No generalization of comparable simplicity is available for liquids. 2 When (3c-36) is 
introduced in (3c-35), the exact "Lagrangian" wave equation for an adiabatic perfect 
gas becomes 

^ = c ° 8 t) ^ = c » 2 ( 1+ ^) -d ( 3c - 37 ) 

In the Lagrangian formulation illustrated above, the choice of a, the initial-position 
coordinate, as the independent variable is useful but any other coordinate that 

1 Rayleigh, "Theory of Sound" vol. II, §249; Lamb, "Hydrodynamics" §§13-15, 279-284. 

2 But see Courant and Friedrichs, "Supersonic Flow and Shock Waves," p. 8, Inter- 
science Publishers, Inc., New York, 1948. 
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identifies the particles would serve the same purpose. For example, the particle 
located momentarily at x can be uniquely identified by the material coordinate 

h = I * p dx, where h represents the mass of fluid contained between the origin and 

the particle. Inasmuch as this included mass will not change as the particle moves, 
the use of h as an independent "mass" variable automatically satisfies the require- 
ments of continuity, with some attendant simplification in the analysis of transient 
disturbances. In the undisturbed condition, p = po and x = a, whence the relation 
a = h/po allows the independent variables to be interchanged by direct substitution 
in (3c-37). 

Material and Spatial Coordinate, Transforms. It is useful to have available a 
systematic procedure for converting a functional expression for one of the state 
variables from the form involving material coordinates to the corresponding form in 
spatial coordinates, or the inverse. One should avoid, however, the trap of referring 
to the state variables themselves as Lagrangian or Eulerian quantities; density and 
pressure, for example, are scalar point functions that can have only one value at a 
given place and time. On the other hand, it is of prime importance to distinguish 
carefully (and to specify!) the independent variables when computing the derivatives 
of these quantities. 

The E and L functions are tied together by the displacement variable £, which pro- 
vides a single-valued connection between the a particle and its instantaneous position 
coordinate x and which may therefore be regarded as a function of either of its terminal 
coordinates a or x. This can be indicated [cf. (3c-31)] by writing x(a,t) = a + £(<M)> 
or the inverse relation a{x,t) = x — £(x,t) ; from which follow the alternate expressions 

a = x - £(a,t) x = a + £(x,t) (3c-38) 

The desired coordinate transforms can then be established by means of Taylor series 
expansions, the two forms following according to whether the expansion is centered 
on the instantaneous particle position or spatial coordinate x, or on the particle's 
equilibrium position or material coordinate a. Thus, if q is used to represent any one 
of the variables p, P, T, or u, one of the expansions can be based on the obvious identity 

q L (a,t) = q E (x,t) x -a+ttz.t) 

. ,. W) ,_ + [ iW) *£*]_+•[„*, -fe«L + • • • <••*» 

Note that all terms on the right of (3c-39) are functions of the spatial coordinates and 
that each is to be evaluated at the equilibrium position coordinate a. This transform 
yields, therefore, the instantaneous value in material coordinates of the variable 
represented by q, in terms of the local value of q modified by correction terms (com- 
prising the succeeding terms of the series) based on the spatial rate of change of q and 
the instantaneous displacement. 

The inverse transform is derived in a similar way from the identity 

q E (x,t) = [q L (a,t)] a =x-ii(a,t) 

^ = & M] „ -[**> ^L+K^^L - • • • (3c - 40) 

In symmetrical contrast With (3c-39), all terms on the right in (3c-40) are functions 
of the material coordinates and are to be evaluated for a = x. This transform, there- 
fore, yields the instantaneous local value of the variable q at the place x, in terms 
of the instantaneous value of q for the now-displaced particle whose equilibrium 
position or material coordinate is a = x, modified by the succeeding terms of the series 
in accordance with the material-coordinate rate of change of q and the instantaneous 
displacement. 
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The transforms (3c-39) and (3c-40) indicate that the differences between q L and q E 
are of second order, which explains why the troublesome distinction between spatial 
and material coordinates does not intrude when only first-order effects are being con- 
sidered. It also follows that the first two terms of these transforms are sufficient to 
deliver all terms of q L or q E through the second order. The use of these transforms 
can be illustrated by writing them out explicitly for u and p, including all secocd-order 
terms; 

u L s & u* = u L - !tu a L = fc - « la (3c-41a) 

P L = P0(1 + Sa)" 1 = P0(1 - Za + Za* - ' • •) 

P E = p (l - £a + £« 2 + Haa) = Po[l - £a + (££«)«] (3C-416) 

in which the subscripts indicate partial differentiation with respect to a or t. The 
product of (3c-41a) and (3c-416) gives at once the relation between the material and 
spatial coordinate expressions for the mass transport pu; thus, through second order, 

p E U E = phi L - H(p L U L ) a + e(pa L Ua L ) = p [fc - (*fc)J = Po[£ - tta]t (3C-42) 

It is then straightforward to show that, if the particle velocity & is simple harmonic, 
the time average of the local mass transport p E u E will vanish through the second order, 
even though the average value of u E is not zero. Note, however, that the displace- 
ment velocity £ is measured from an equilibrium position that is here assumed to be 
static; the average mass transport may indeed take on nonvanishing values if the wave 
motion as a whole leads to gross streaming (see Sec. 3c-7). 

3c-6. Waves of Finite Amplitude. A distinguished tradition adheres to the study 
of the propagation of unrestricted compressional waves. That the particle velocity is 
forwarded more rapidly in the condensed portion of the wave was known early 
(Poisson, 1808; Earnshaw, 1858; Riemann, 1859); and that this should lead eventually 
to the formation of a discontinuity or shock wave was recognized by Stokes (1848), 
interpreted by Rayleigh, 1 discussed more recently by Fubini, 2 and has been reviewed 
still more recently with heightened interest by modern students of blast-wave 
transmission. 3 

By virtue of the adiabatic assumption underlying P = P(p), the speed of sound 
is also a function of density alone and may be approximated by the leading terms of its 
expansion about the equilibrium density: 

When (3c-43) is introduced in the exact wave equation in material coordinates, 
(3c-35), the latter can be recast in the following form, using the subscript convention 
for partial differentiation and retaining only, but all, terms through second order: 

6, - *■!.. = -*• [l+% (g)J (U). (30-44) 

If it is then assumed that an arbitrary plane displacement £(0,0 = f(t) is impressed 
at the origin, it can be verified by direct substitution that a solution of (3c-44) is 

«-« -'('-£)+*[•+ » (g) J [f (• - BY <-«> 

The density variations associated with these displacements are to be found by entering 
(3c-45) in (3c-32), and the variational pressure can then be evaluated in terms of the 
adiabatic compressibility of the medium. 

Relatively more attention has been devoted to the analysis of solutions of (3c-37) 
for the case of an adiabatic perfect gas. For an arbitrary initial displacement, as 

1 "Theory of Sound," vol. II, §§249-253. 

2 Alta Frequenza 4, 530-581 (1935). 

3 See also Sec. 2z of this book, "Shock Waves," pp. 2-231 to 2-236. 
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above, the solution of the corresponding wave equation (3c-37), again including all 
terms through second order, is 

•"--'('-a+KP+'K-i)]"- < 3 - 16 ' 

Technological interest in this problem centers on the generation of spurious harmonics, 
which can be studied by assuming the initial displacement to be simple harmonic, 
viz., f(t) = £ (1 — cos cat) at the origin. The solution then takes the explicit form 

£(<M) = Ml - cos (cat - k a)] + ?-^-kQ*ZQ*a[l - cos 2(cat - k a)] (3c-47) 

in which k is written for the phase constant, k — ca/c = 2x/\o. 

The most striking feature of the solutions (3c-45) and (3c-47) is the appearance 
of the material coordinate a in the coefficient of the second-harmonic term. As a 
consequence, the condensation wave front becomes progressively steeper as the wave 
propagates, the energy supplied at fundamental frequency being gradually diverted 
toward the higher harmonic components. The compensating diminution of the 
fundamental-frequency component would be exhibited explicitly if third-order terms 
had been retained in (3c-46) and (3c-47) inasmuch as all odd-order terms include a 
" contribution" to the fundamental. When such higher terms are retained it is 
predicted that propagation will always culminate in the formation of a shock wave at 
a distance from the source given approximately by a = 2£o/(t + l)^" 2 , where M is the 
peak]value of the particle-velocity Mach number. 1 On the other hand, when dissipa- 
tive mechanisms are taken into account, the fact that attenuation increases with fre- 
quency for either liquids or gases leads to the result that, except for very large initial 
disturbances, a stable value of wave-front steepness will be reached at which the rate 
of energy conversion to higher frequencies by nonlinearity is just compensated by the 
increase of absorption at higher frequencies. If attention is centered on the funda- 
mental component, however, such diversion of energy to higher frequencies appears 
as an attenuation and accounts for the relatively more rapid absorption sometimes 
observed near a sound source. 2 

The variational or acoustic pressure, in material coordinates, can be expressed 
generally as a function of the displacement gradients by using the adiabatic pressure- 
density relation P L = Po(p L /po) y in conjunction with the continuity relation (3c-32); 
thus, 

P l _ Po = v l = 7 p [-£ a + ^(t + D£a 2 ] = (v L ) + Vi L + P2 L (3c-48) 

in which the last member identifies the steady-state alteration of the average pressure 
and the fundamental and second-harmonic components of sound pressure. When the 
harmonic solution (3c-47) is introduced in (3c-48), the two alternating components of 
pressure for a 2 ^> (X/4tt) 2 can be shown, after some algebraic manipulation, to be 

Pi l = + 7 p M sin (cct - k a) = + y/2 Pi sin ((at - k a) (3c-49a) 

P2 l = T P M 2 /c a|(T + 1) sin 2(«* - k a) = V2 F 2 sin 2(cot - k a) (3c-496) 

in which Pi and P 2 are the rms values of the fundamental and second-harmonic sound 
pressures, and M = fc £o = co£o/co is again the peak value of the particle-velocity Mach 
number at the origin. The relative magnitude of P 2 increases linearly with distance 
from the origin and is directly proportional to the peak Mach number, as may be 
deduced from (3c-49a) and (3c-496) ; thus 

_ = - ( T + l)Mfc„a P 2 = 2^^ (30-60) 

i Fubini, Alta Frequenza 4, 530-581 (1935). 

2 Fox and Wallace, J. Acoust. Soc. Am. 26, 994-1006 (1954). 
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Various experimental studies of second-harmonic generation have given results in 
reasonably good agreement with the predictions of (3C-50). 1 

The sound-induced alteration of mean total pressure, or "average" acoustic pres- 
sure, is given by the time-independent terms yielded by the substitution of (3c-47) in 
(3c-48), viz., 

<p*)- + f»tty-+i> (3c . 51) 

Note that this pressure increment is given as a function of the material coordinates, 
which means that it pertains to a moving element of the fluid. The local value of the 
pressure change can be found by means of the transform (3c-40), which gives, through 
second-order terms, the following replacement for (3c-48); 



pE = pL ~ * ^ = yPo [ -*• + \ & + ^^ + «..] 



(3c-52) 



When (3c-47) is introduced in (3c-52), the time-independent terms give the local 
change in mean pressure as 

/ F \ . yP M*( y ~ 3) 

(p E ) = + Y — - — ^— — } (3c-53) 

and since y is usually less than 2, it follows that the local value of mean pressure will 
be reduced by the presence of the sound wave, in striking contrast to the increase of 
mean pressure that would be observed when following the motion of a particle of the 
medium. Negative pressure increments as large as 10 newtons m" 2 (100 dynes cm" 2 ) 
have been reported experimentally, in reasonably good agreement with (3c-53). 

The mean value of the material particle velocity, u L = fc, vanishes, as may be seen 
by differentiating (3c-47). The local particle velocity that would be observed at a 
fixed spatial position does not similarly vanish, however, and may be shown, by using 
the transform (3c-40) again, to be 

W = 6 - «,. <«*> = - \ c M> = - ^gg! 2 = -( PoCo 2 )-i(/) (30-64) 

where (/) is the average sound energy flux, or sound intensity. 2 

3c-7. Vorticity and Streaming. As suggested above, and with scant respect for the 
traditional symmetry of simple-harmonic motion, sound waves are found experimen- 
tally to exert net time-independent forces on the surfaces on which they impinge, and 
there is often aroused in the medium a pattern of steady-state flow that includes the 
formation of streams and eddies. The exact wave equation considered in the pre- 
ceding section has been solved only for one-parameter waves (i.e., plane or spherical), 
and these solutions do not embrace some of the gross rotational flow patterns that are 
observed to. occur. It is necessary, therefore, to revert for the study of these phe- 
nomena to the perturbation procedures introduced by the first- and second-order 
equations (3c-26) and (3c-29). 

It is plausible that vortices and eddies should arise, if there is any net transport at 
all, inasmuch as material continuity would require that any net flow in the direction 
of sound propagation must be made good in the steady state by recirculation toward 
the source. Streaming effects can be studied most usefully, therefore, in terms of the 
generation and diffusion of circulation, or vorticity. More specifically, the time 
average of the second-order velocity u 2 will be a first-order measure of the streaming 

1 Thuras, Jenkins, and O'Neil, J. Acoust. Soc. Am. 6, 173-180 (1935) ; Fay, J Acoust 
i& *^£■* l ;^ 222 ~ 241 (October, 1931); O. N. Geerteen, unpublished (ONR) Tech. Report 
no. Ill, May, 1951, U.C.L.A. 

2 Westervelt, J. Acoust. Soc. Am. 22, 319-327 (1950). 
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velocity. The vector function describing u 2 can always be resolved into solenoidal 
and lamellar components denned by 

u 2 = -V<P2 + V X A 2 VV2 = -V • vh V 2 A 2 = -(V X Ui) (3c-55) 

The irrotational component that represents the compressible, or acoustic, part of the 
fluid motion is derived from the scalar potential <p 2 . The vector potential A 2 is asso- 
ciated with the rotational component comprising the incompressible circulatory flow 
that is of primary interest in streaming phenomena. 

The failure of the first-order equations to predict streaming can be demonstrated 
by writing directly the curl of the first-order force equation (3c-266). The gradient 
terms are eliminated by this operation, since V X V( ) = 0, leaving just 

^ - „oV 2 Ri = (3c-56) 

at 

Thus the first-order vorticity, Ri s |-(V X Ui), if it has any value other than zero, 
obeys a typical homogeneous diffusion equation. On the other hand, it would appear 
to follow that, if Ri were ever zero everywhere, its time derivative would also vanish 
everywhere and Ri would be constrained always thereafter to remain zero. This is not 
a valid proof of the famous Lagrange-Cauchy proposition on the permanence of the 
irrotational state, but the absence of any source terms on the right-hand side of (3c-56) 
does indicate correctly 1 that first-order vorticity cannot be generated in the interior 
of a fluid even when viscosity and heat conduction are taken into account. Instead, 
first-order vorticity, if it exists at all, must diffuse inward from the boundaries under 
control of (3c-56).' 

A notably different result is obtained when the second-order equations are dealt 
with in the same way. It is useful, before taking the curl of (3c-296), to eliminate the 
second and third terms of this equation by subtracting from it the product of (pi/po) 
and (3c-266), and the product of Ui and (3c-26a). In effect this raises the first-order 
equations to second order and then combines the information in both sets. The 
augmented second-order force equation can then be arranged in the form 

po ^HH + 2 V0 (V X R2) + voVpiV(V • Ui) - 2^ pi(V X Ri) - 2 Po (Ui X Ri) 
at 

-2[(Viji • V)tti + Vtjx X (V X Ui)] + 2(V m X Ri) + PoV (^ u i ' u i) + #2V P2 

- B X V Q P A - voVV(V • u 2 ) - Vr,[(V • Ui) = (3c-57) 

The following abbreviations have been used for the coefficients of Vpi in (3c-266) and 
of V P2 in (3c-296) : 

in which the quotients (VOi/Vpi) and (V0 2 /Vp 2 ) have been replaced by the correspond- 
ing material derivatives DO /Dp, which must be evaluated, of course, for the particular 
conditions of heat exchange satisfying the energy equations (3c-26c) and (3c-29c). 
This evaluation can be evaded temporarily (at the cost of neglecting V#i and VB 2 ) 
by observing that each of the last five terms of (3c-57) contains a gradient. These 
disappear on taking the curl of (3c-57), whereupon the vorticity equation emerges as 

^ _ „ oV 2R 2 = 1 VoV (v Sl XV^)+ po" 1 * X (tti • V)V V1 + vo Sl V 2 Ri 

- poV Si X (V X Ri) - V X (ui X Ri) «f- po-'V X (Vi?i X Ri) (3c-59) 

iSt. Venant, Compt. rend. 68, 221-237 (1869). 
f 
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in which si has been introduced as an abbreviation for the first-order condensation, 
si = pi/po. This inhomogeneous diffusion equation puts in evidence various second- 
order sources of vorticity: four vanish if the first-order motion is irrotational (Ri = 0), 
and two drop out when the shear viscosity is constant (Vrji =0). It is notable that 
the dilatational viscosity */' does not appear in any of these source terms except 
through the ratio i/A? that forms part of the dimensionless viscosity number V = 
2 + W h). 

Except for the third source term, which (3c-56) shows to be one order smaller than 
the change rate of Ri, all the vorticity sources would vanish — and the streaming would 
"stall" — if the wave front were strictly plane with Ui, si, and -q functions of only one 
space coordinate. Wave fronts cannot remain strictly plane at grazing incidence, 
however, 1 and rapid changes in the direction and magnitude of Ui will occur near 
reflecting surfaces, in the neighborhood of sound-scattering obstacles, and in thin 
viscous boundary layers. As a consequence, the "surface" source terms containing 
Ri become relatively more important in these cases. 2 In other circumstances, when 
the sound field is spatially restricted by source directionality, the first source term in 
(3c-59) dominates and leads to a steady-state streaming velocity proportional to the 
ratio of the dilatational and shear viscosity coefficients — and hence to a unique inde- 
pendent method of measuring this moot ratio. 3 Both the force that drives the fluid 
circulation and the viscous drag that opposes it are proportional to the kinematic 
viscosity, which does not therefore control the final value of streaming velocity but 
only the time constant of the motion, i.e., the time required to establish the steady 
state. 4 

Evaluating the second-order vorticity source terms in any specific case requires that 
the first-order velocity field be known, and this calls in the usual way for solutions that 
satisfy the experimental boundary conditions and the wave equation. Unusual 
requirements of exactness are imposed on such solutions, moreover, by the fact that 
even the second-order acoustic equations yield only a first approximation to the mean 
particle velocity. 

The analysis of vorticity can be recast, by skillful abbreviation and judicious 
regrouping of the elements of (3c-57), in such a way as to yield a general law of rota- 
tional motion, according to which the average rate of increase of the moment of 
momentum of a fluid element responds to the difference between the sound-induced 
torque and a viscous torque arising from the induced flow. 5 A close relation has also 
been shown to exist in some cases between the streaming potential and the attenuation 
of sound by the medium without regard for whether the attenuation is caused by 
viscosity, heat conduction, or by some relaxation process; in effect the average 
momentum of the stream "conserves" the momentum diverted from the sound wave 
by absorption. 6 This principle has so far been established rigorously only for the 
adiabatic assumption under which P = P(p), and under restrictive assumptions on 
the variability of v and T), but its prospective importance would appear to justify 
efforts to extend the generalization. 

3c-8. Acoustical Energetics and Radiation Pressure. If the kinetic energy density 
that appeared briefly in (3c-12) is restored to (3c-18), the change rate of the specific 

1 Morse, "Vibration and Sound," 2d ed., pp. 368-371, McGraw-Hill Book Company, 
Inc., New York, 1948. 

2 Medwin and Rudnick, J. Acoust. Soc. Am. 25, 538-540 (1953). 

3 Udebermann, Phys. Rev. 75, 1415-1422 (1949) ; Medwin, J. Acoust. Soc. Am. 26, 332-341 
(1954). 

* Eckart, Phys. Rev. 73, 68-76 (1948). 

* Nyborg, J. Acoust. Soc. Am. 25, 938-944 (1953) ; Westervelt, J. Acoust. Soc. Am. 25, 
60-67 and errata, 799 (1953). 

6 Nyborg, J. Acoust. Soc. Am. 25, 68-75 (1953); Doak, Proc. Roy. Soc. (London), ser. 
A, 226, 7-16 (1954); Piercy and Lamb, Proc. Roy. Soc. (London), ser. A, 226, 43-50 (1954). 
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total energy density (per unit mass), E/p, can be formulated in terms of 
D(E/ P ) D(ju • u) , De 

p —DT ==p W +p Di 

= ,^%^-pP^-V.q + ^ (30-60) 

Material derivatives are used here so that the energy balance reckoned for a particular 
volume element will continue to hold as the derivatives "follow" the motion of the 
material particles. The mechanical work term on the right in (3c-60) can be resolved 
into two components by writing P = P + p 7 where the excess, or sound, pressure p 
now represents the sum of the variational components of all orders 

Thus 

■.q.+ *,. (3c-61) 

A second equation involving the first two terms on the right of (3c-61) can be formed 
by multiplying the continuity equation (3c-5) by p and adding it to the scalar product 
of the vector u and the vector force equation (3c-116)*; thus 

pU * 17t + U ' Vp + P G ^Dt + V " U ) = U # U(r,i ^ U) 

Du Dv . _ . _ /0 cn . 

= pu '~D~t ~ PP ~Dt +U P + P U @ G ~® 2 ) 

where f v stands for the sum of the five viscosity terms that appear on the right-hand 
side of (3c-116). Combining this result with (3c-61) gives 

D(iu • u) Dv 

Dt pP Dt 

,2@M + V • (pu) = -pPo^ - V-q + *,■+ tl-f. 





(P = Pl + ?2 + • • •) 




D(E/ P ) 
" Dt 


D(h- • u) Dv , _ Dv 
= p Dt ^Dt+^Dt 


- V 



P -^ft 4 =- ~ PP -ju + V ' ^ = + U * fv 



(3c-63) 



The significance of this result can be made more apparent by using the continuity 
equation again, this time in the form (E/p)[dp/dt +. V • (pu)] = 0. Adding this 
"zero" to the left-hand side of (3c-63), after first using (3c-3) to express the material 
derivative in terms of fixed spatial coordinates, allows the continuity of acoustic energy 
to be expressed by 

D(E/p) , _,,^ d(E/ P ) , _.„E 



p ^ + v- ( P u) = p-^-t 1 +pu- v- ■+ v- (pu) 

~Edp E 

P dt p 

dE 



Dt * KH J H dt p 

+ l-^+-V-(pu)J 



= -v • (pu + Eu) - PoA - V • q ■+. u • f„ + -0, (3C-64) 

dt . ' . 

The acoustic energy-flux vector can be identified as pu = J, inasmuch as this term 
represents the instantaneous rate at which one portion of the medium does mechanical 
work on a contiguous portion in the process of forwarding the sound energy. The 
time average of the sound-energy flux through unit area normal to u is defined as the 
sound intensity, (j) = I. Ordinarily it is only the time average of each term of (3c-64) 
that is of interest, but the equation itself holds at every instant and asserts that 
growth of the total energy density of a volume element is accounted for by the influx 
of acoustic and thermal energy across the boundaries of the element, by the energy 
dissipated in viscous losses, and by the work done by the equilibrium pressure on the 



PROPAGATION OF SOUND IN FLUIDS 3~43 

volume element during condensation. The latter component is represented by 
(— PoA) and by a corresponding linear term contained implicitly in E [cf. (3c-19)]. 
It is omitted in most textbook descriptions of acoustic energy density, the neglect 
being justified if at all on the grounds that the stored energy varies linearly with the 
dilatation and hence will have a vanishing net value when averaged over an integral 
number of periods or wavelengths, or over the entire region occupied by the sound 
field. Care must be taken to ensure that it does indeed vanish rigorously on the 
average inasmuch as the peak values of this component of energy storage are larger 
than the acoustic energy in the ratio Po/p. 

Acoustic Radiation Pressure. The appearance of the product En as an additive 
term in the first right-hand member of (3c-64) is notable and represents the net energy 
density carried across the boundary of a volume element by convection, the net flow 
being measured by the divergence of the particle velocity. 1 No approximations have 
been made in deducing (3c-64), which holds, therefore, within the scope of validity 
of the basic assumptions. 

It is significant to remark the fact that E is directly additive to p when the diver- 
gence term is written as V • (p + E)u, thereby identifying the additive term as a 
radiation pressure whose magnitude at every instant is just equal to the total energy 
density, E — ^pu • u ■+ p«. This interpretation can be fortified by revising (3c-64) 
by expanding V • {En) — E(V • u) + u • VE. The last term can be used to restore 
the material time derivative of E and the other can be merged with the linear term in 
Po, yielding a revised power equation in the form 

M. = _ v • (pu) - (Po + E)A - V • q + <h + u • U (3c-65) 

The role of E as an additive, or radiation pressure is thus retained in (3c-65) where 
its time-independent part is now exhibited appropriately as a slight change in the 
equilibrium pressure. 

When seeking to evaluate the net mechanical force due to radiation pressure on a 
material obstacle or screen exposed to a sound field, care must be taken to specify the 
boundary conditions and to account for all the reaction forces involved, including the 
steady-state interaction of the obstacle with the medium as well as the dynamic 
interaction of the obstacle with the sound field itself. Thus, for example, if a long 
tube is "filled" with a progressive plane wave, the walls of the tube, which interact 
only with the medium, would experience only the mean increment of the equilibrium 
pressure [cf. (3c-53)], and this would disappear if the walls were permeable to the 
medium, but not to the sound wave (e.g., with capillary holes). On the other hand, 
if a sound-absorbing screen were freely suspended athwart the wavefronts, it would 
experience just the pressure E shown by (3c-64) to be additive to p; but if the screen 
were to form an impermeable termination of the tube it would experience both com- 
ponents of pressure, including changes due to the enhancement of (E) by the reflected 
wave. 2 

3c-9. Sound Absorption and Dispersion. The basic manifestation of the absorption 
or attenuation of sound is the conversion of organized systematic motions of the 
particles of the medium into the uncoordinated random motions of thermal agitation. 

i Schock, Acustica 3, 181-184 (1953). 

2 The literature on radiation pressure is extensive, and much of it is confusing. The 
fundamentals are soundly discussed by L. Brillouin, "Les Tenseurs en mecanique et en 
elasticity "Dover Publications, New York, 1946. The influence of oblique incidence and 
of the reflection coefficient of the obstacle is discussed in detail by F. E. Borgnis, On the 
Forces upon Plane Obstacles Produced by Acoustic Radiation, J. Madras Inst. Technology 1 
(2), pp. 171-210 (November, 1953); (3), pp. 1-33 (September, 1954); also a condensed 
version in Revs. Modern Phys. 25, 653-664 (1953). A suggestive review, with a critical 
bibliography, has been given recently by E. J. Post, J. Acoust. Soc. Am. 25, 55-60 (1953). 
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Various agencies of conversion can be identified as viscosity, heat conduction, or as 
some other mechanism that gives rise to a delay in the establishment of thermo- 
dynamic equilibrium; but all are mechanisms of interaction that lead to the same 
result, viz. that the energy of mass motion imparted intermittently to the medium 
by the sound source becomes increasingly disordered and "unavailable." Describing 
this in terms of the irreversible production of entropy leads to the definition of dissipa- 
tion functions and paves the way for formulating an acoustic energy balance. 

Equation of Continuity for Acoustic Energy. This may take the form of a statement 
that the mean net influx of sound energy across the boundaries of a volume element 
situated in a sound field must just balance the average time rate at which this energy 
is degraded, or made unavailable, throughout the volume element by irreversible 
increase of entropy; thus, by extension of (3c-20), 

- f Jidai = fy^j^dV = j y T~dV = f y (<t> K + </>„) dV (3c-66) 

where the sound energy flux vector is Ji = pUi, and ^diss is the degraded component 
of internal energy associated with the irreversible entropy $i rr . 

The differential form of (3c-66) can be obtained in the usual way by using the diver- 
gence theorem to convert the surface integral to a volume integral. Then, after 
introducing the explicit forms of the dissipation functions, (3c-24a) and (3c-246), the 
acoustic energy continuity relation becomes 



_ T d(p Ui ) ^ . k /an 2 , ,du k dui 



dXi/ dXk dXi 

+ 



M(S)' + (g)' +2 gS] <«* 



where it is understood that only the time-independent parts of each side of (3c-67a) 
are to be retained. The algebraic complexity of dealing with (3c-67a) is considerably 
abated by considering only plane waves, for which case the running subscripts each 
reduce to unity and can be dropped. The plane-wave form of the acoustic-energy 
relation then becomes, after introducing P as an implicit variable in V T, 

-^ -*(*)" (2)"+ *•(£)' 

in which tjV has been written for 77' + 2ri [cf. (3c-10)]. The thermal dissipation term 
can then be maneuvered into more suggestive form by further manipulation involving 
the equation of state T — T(P y p) and various thermodynamic identities including the 
useful relation that holds for all fluids, T$ 2 c 2 = C p (y - 1). This leads, still without 
approximation, and with the time average explicitly indicated, to 

It can now be observed that p, u, and their derivatives must be known throughout 
the sound field in order to evaluate the sound energy flux and the dissipation functions 
that make up (3c-67a) or its reduced form (3c-68). On the other hand, if these field 
variables are known explicitly, the effects of dissipation will already be in evidence 
without recourse to (3c-68) . Such a continuity equation for acoustic energy is there- 
fore redundant, as might have been expected inasmuch as the conservation of energy 
has already been incorporated in the basic equations (3c-5), (3c-15), and (3c-23). 
Nevertheless, (3c-68) retains some logical utility as an auxiliary relation, even though 
it no longer needs to be relied on for the pursuit of absorption measures, at least for 
plane waves. 
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Exact Solution of the First-order Equations. An exact solution of the complete 
first-order equations (3c-26a), (3c-266), (3c-26c) for the plane-wave case, and a defini- 
tive discussion of its implications, have been given recently by Truesdell. 1 The specific 
problem considered is that of forced plane damped waves in a viscous, conducting fluid 
medium. It is assumed that each of the first-order incremental state and field 
variables can be described by the real parts of 

wi = UioeWe-^x+M* (3c-69) 

and of similar equations for Ph p h U It is assumed that (ui) x = = Ui ei at is the 
simple-harmonic velocity imparted to the medium by the vibrating surface of a source 
located at x = 0, but the other amplitude coefficients may be complex in order to 
embody the phase angles by which these variables lead or lag u x . The exponent 
expressing time dependence is written +jcot, as required in order to preserve both the 
conventional form R + jX for complex impedances and the positive sign for inductive 
or mass reactance. The attenuation constant a and the phase constant k = <a/c, or 
k = co/co, are the real and imaginary parts of the complex propagation constant 
X = a. + jk; and c = {dP/dp) 8 h is the reference value of sound speed. 

When the assumed solutions (3c-69) are systematically introduced in (3c-26a), 
(3c-266), and (3c-26c), three algebraic equations in Pl , u lt 0i are obtained, as follows: 

Po(« + jk)ui —jojpi = 

tfcopo - 1^X3 (a +jk)*] Ul -(a + jk) [^ ( Pl + /3 o p o 0i) ] =0 /Q ^ 

L y J (3c-70) 

- ^j^ {<* + jk)u x + [ja> --^- (a +jk)* +q^d 1 = 

If these equations are indeed to admit solutions of the assumed form (3c-69), the 
determinant of the coefficients of u 1} p 1} and 0i must vanish. The characteristic or 
secular equation formed in this way (Kirchhoff, for perfect gases, 1868; extended to any 
fluid with arbitrary equation of state by P. Langevin 2 ) turns out to be a biquadratic 
in the dimensionless complex propagation variable (a -f jk)/k . Writing this out in 
full, however, will be facilitated by first considering the question of how best to specify 
the properties of the medium. 

Dimensional Analysis and Absorption Measure. Examination of (3c-70) reveals 
that, in addition to (a +jk)/k and the three independent variables, there are 10 
parameters that pertain to the behavior of the medium at the angular frequency co. 
One of these could be eliminated, in principle at least, by using the relation T(3 2 c 2 = 
(y — 1)C P} leaving 9 that are independent: C p , C v , 17, 17', k, p , c , q, and co. Then, 
since each of these can be expressed in terms of 4 basic dimensional units (e.g., 
mass, length, time, and temperature), it follows from the pi theorem of dimensional 
analysis 3 that just 5 independent dimensionless ratios can be formed out of combina- 
tions of these 9 parameters. This leads to a functional expression of the absorption 
measure in the symbolic form 

■i+fi-ffp,*,^^*) (3c . 71) 

The first two ratios have already been incorporated in y and the viscosity number 
V = 2 + 17 7*7; the third is the Prandtl number (P = rjC p /*, and the fourth and fifth 
can be identified as Stokes numbers S = W77 /p c 2 and S' == w /q. The present purpose 

1 C. A. Truesdell, Precise Theory of the Absorption and Dispersion of Forced Plane 
Infinitesimal Waves According to the Navier-Stokes Equations, J. Rational Mechanics 
and Analysis 2, 643-741 (October, 1953). 

2 Reported by Biquard, Ann. phys. (11) 6, 195-304 (1936). 

3 E. Buckingham, Phys. Rev. 4, 345 (1914); Phil. Mag. (6) 42, 696 (1921). 
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is served somewhat better by substituting for the third and fourth ratios their products 
with the dimensionless viscosity number, thus defining a frequency number X and 
thermoviscous number Y through 

XmVS-.Z& Y E ((PI))- = -^- XY = f^ (3c-72) 

The frequency parameter X also provides a natural criterion for designating fre- 
quencies as "low," " medium," or "high" according to whether X is much less than, 
comparable with, or much greater than unity. It may also be noted that, for nearly 
perfect gases, p c 2 = yPo, from which it follows that X gas = (co/PoXV^/t). Hence 
variation of pressure may be used to extend in effect the accessible range of frequency 
in measurements on gases, and the ratio co/P is a proper parameter in terms of which 
to report such results. 

Solutions of the Characteristic Equation. If the dimensionless ratios discussed above 
are now introduced in the expanded determinant of the coefficients of (3c-70), the 
resulting Kirchhoff-Langevin secular equation can be written as 

('-i)+(^ a ) , [-^"+")+ i ^] i 

+ (^j^) 4 XY(j - yX) = (36-73) 

The standard "quadratic formula" can be used at once to solve (3c-73) for the 
reciprocal square of the propagation constant; 

- 2 ( i -i)(^y= i+ i +i [ x(i+ ^ ) -^] 

. ± [(i + J)'-[*a -,*,.-£]' 

+ * {XU - (2 - y) Yi + X^ -\L±$m} ]» (3c-74«) 

Skillful abbreviation might allow this complete solution to be carried somewhat 
further but no algebraic magic can lighten very much the burden of depicting the 
behavior of a and k as a function of four independent parameters — and it might have 
been five but for the welcome fact that V does not appear except as embodied in X and 
Y. Moreover, each parameter that does appear in (3c-74a) occurs in one or more 
product combinations, and hence it can not be assumed in general that the effects of 
viscosity and heat exchange will be linearly additive. The common practice of 
assessing these one at a time and then superimposing the results must therefore be 
considered unreliable unless justified explicitly and quantitatively. Nevertheless, 
something must give, and it is customary to abandon first the radiant-heat exchange, 
at least temporarily, by letting S' become infinite in (3c-74o). With this simplifica- 
tion, and with some new abbreviations, (3c-74a) becomes 

_ 2 /_|l_Y = 1 + jX(l + yY) ± {1 - X»Q - yY)* + J2X[1 - (2 - y)Y]}i 

s G + jH = 1 + jX(l + y Y) ± (E + jF)\ (3c-746) 

E s 1 _ x«(l - yYY F s 2X[1 - (2 - y)Y] 

This equation has two pairs of noncoincident complex roots, but only the one of each 
pair that has a nonnegative real part corresponding to real attenuation is to be retained. 
These two physical solutions comprise the two branches of a complex square root; one 
branch pertains to typical compressional sound waves identified as type I, the other 
to so-called thermal waves identified as type II. It is an unwarranted oversimplifica- 
tion, however, to describe these simply as "pressure" waves and "thermal" waves 
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inasmuch as all the state and condition variables — pressure, density, velocity, tem- 
perature, heat flux, etc. — are simultaneously entrained and propagated by each wave- 
type, and waves of both types are always excited simultaneously by any source. On 
the other hand, the absorption and dispersion measures for waves of type I and type II 
will, in general, be quite different and will vary differently with the frequency parame- 
ter X and with the thermoviscous parameters y and Y that characterize the fluid. 
For example, type II waves are so rapidly attenuated in ordinary fluids at accessible 
frequencies that they cannot be observed, whereas in strongly conducting liquids such 
as mercury (and perhaps in liquid helium II) the absorption for type II waves becomes 
less than for type I waves when the frequency is high enough for X to exceed ^. 

It should be noticed, parenthetically, that if the basic first-order equations (3c-70) 
had not been restricted to plane waves, the last term of (3c-266) would not have 
dropped out. Instead, there would have turned up eventually in (3c-70) a pair of 
terms in the first-order vector velocity potential Ai [see (3c-55)] on the basis of which 
it would have been predicted that still another type of allowed wave motion can exist 
in viscous fluids — a transverse viscous wave that is propagated by virtue of the trans- 
verse shear reactions due to viscosity. 1 

Viscothermal Absorption and Dispersion Measures. The problem of branch deter- 
mination arising in the solution of (3c-646) has been discussed thoroughly by Trues- 
dell. 2 One view of it can be expressed by writing the formal solution in the explicit 
form 

«^A = H (c\ 2 _ 2(£2 + W) 

k 2x + (G 2 + H*)h + G \cj + (G» + H*)h + G 
2G = 1 ± /(/*)(+#*) 2H = X(l + y Y) ± (agn F)g(h)(+Ei) (3c-75a) 

(upper signs yield type I waves, lower signs type II waves) 

■ hm Jp f( h ) = + V2 [ + (1 + h*)l + 1] = + cosh |(sinh-i h) 

E (3c-756) 

9(h) s + a/2 [ + (1 + /> 2 )* - 1] = + sinh |-(sinh-i h) 

where the plus signs associated with roots denoted by fractional exponents indicate 
that the principal or positive root is to be used. The solution (3c-75a) can now be 
attacked frontally, either by means of power-series expansions for large or small 
values of X, or by resorting to brute-force numerical computation for intermediate 
frequencies. The several square-root operations on complex quantities required by 
the latter procedure are often facilitated by using the / and g functions defined by 
(3c-756), for which the principal values have been tabulated. 3 

The clue to a basis for classifying fluids according to their viscothermal behavior is 
afforded by no^ng that the algebraic sign of F appears in (3c-75a) in such a way as to 
interchange the wave types when F changes sign, and that this occurs when (2 — \) Y 
passes through unity. On this basis, one may categorize fluids as strong conductors if 
Y is greater than (2 — 7)- 1 . The contrary alternative can be further subdivided 
usefully 2 into weak conductors for which Y is less than y _1 , and moderate conductors 
for which Y has intermediate values. Most liquids (including the liquefied noble 
gases) qualify as weak conductors, most gases as moderate conductors. On the other 
hand, the fact that mercury, the molten metals, and liquid helium II rank as strong 

1 Rayleigh, "Theory of Sound," vol. II, §§347; Mason, Trans. ASME 69, 359-367 (1947); 
Epstein and Carhart, J. Acoust. Soc. Am. 25, 553-565, [557] (1953). 

2 C. A. Truesdell, Precise Theory of the Absorption and Dispersion of Forced Plane 
Infinitesimal Waves According to the Navier-Stokes Equations, J. Rational Mechanics 
and Analysis 2, 643-741 (October, 1953). 

3 G. W. Pierce, Proc. Am. Acad. Arts Sci. 57, 175-191 (1922). 
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conductors emphasizes the value of including a wide range of parameter values in any- 
general survey of thermoviscous behavior. 

For weak or moderate conductors, the absorption and dispersion measures for type 
I waves at moderately low frequencies can be expressed with any desired precision by 
means of power-series expansions in the frequency number X: 

(±Y = 1+| X 2 [3 + 10( T - DY - (t - D(7 - 3 7 )F 2 ] + 0(X«) 

£ ± |_? = 1 X jl + ( T - DY - I X 2 [5 + 35( 7 - 1)F + (7 - D(367 - 63) F» 

+ (7 - 1)(57 2 - 30 T + 33)F 3 ]1 + 0(X 5 ) (3c-76) 

A * ~ jl + ( T - 1)F - \^[l + 11(7 - l)r - (t - 1)(23 - 11 T )F« 



2x~2 X 



+ (7 - 1)(t 2 - IO7 + 13)y»]| + O(X') 



Note that «/fc = «X/27r = A/2*-, where A is the amplitude attenuation per wave- 
length, and that a/k is similarly related to the attenuation per reference wavelength 
X . The series (3c-76) can be used with confidence for almost any values of 7 and Y 
so long as the frequency is low enough to keep X < 0.1, and for a somewhat wider 
range of X when certain restrictions on 7 and Y are satisfied. 1 

On the other hand, for frequencies high enough to make X -2 <3C 1, the absorption 
and dispersion are given, within 0(X -2 ), by 

(c/co) 2 a = _A = Aq 2 X = /a\ 5 x 
2X & ~ 2x 2tt 2 \fc / 

= 1 - w^h (3c - 77) 

It can be inferred at once from (3c-77) that, for sufficiently high frequencies, dis- 
persion is always anomalous (i.e., speed increases with frequency) regardless of 7 and 
Y; that a/k = A/2ir approaches the limit 1, and that a/k and A recede to zero as 
the actual wavelength decreases with respect to the reference wavelength X . It also 
follows, from comparison of this result with (3c-76 8 ), that as frequency increases, 
a = A/\ = Ao/Xo will always have at least one maximum that is characteristic of visco- 
thermal resonance. The frequency at which this resonance occurs lies in the range 
X = 1 to 1.7, but the peak is relatively broad and flat and often cannot be located 
experimentally with high precision. 

It can also be deduced from (3c-77) that the asymptotic speed of sound at very high 
frequencies will always be determined by viscosity alone, without regard for the form 
of the equation of state; thus, 

( C *) x ^ = ^ * (3 c-78a) 

P 

Under the same limiting conditions, the asymptotic speed of type II, or "thermal," 
waves is similarly determined by thermal conductivity alone, according to 

(c'*)x-+«, = -^ (3c-786) 

The steady increase of c' with <A predicted by (3c-786) has sometimes been cited as 
a basis for denying that second sound in helium II, which displays small dispersion and 
low attenuation, 2 can be a type II thermal wave of the sort predicted by viscothermal 

1 Truesdell, /. Rational Mechanics and Analysis 2, 643-741 (October, 1953). 

2 Peshkof, J. Phys. (U.S.S.R.) 8, 381 (1944); 10, 389-398 (1946); Lane, Fairbank, and 
Fairbank. Phys. Rev. 71, 600-605 (1947). 
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theory. This conclusion is probably correct but the argument is faulty inasmuch as 
the vanishing viscosity of the superfluid would make it more appropriate to use as a 
type criterion the behavior predicted for the limiting condition X — ► 0. Thus, if the 
Kirchhoff-Langevin secular equation (3c-73) is reduced by letting X -► while XY is 
held fixed, and if XY is then allowed to increase indefinitely as required by the super- 
conductivity of helium II, what is left of (3c-73) does have a pair of roots for which the 
attenuation vanishes and the speed is nondispersive, viz., a. = A = 0, and c = c /t*. 
This result looks, at first sight, like just an isothermal velocity for type I waves, as 
might be expected to prevail if uniform temperature were enforced by infinite con- 
ductivity. On the other hand, the wave types would be expected to interchange, 
according to (3c-75a), as F becomes very large; and one has also to deal with the 
standing conclusion that any viscosity however small will eventually take over control 
of dispersion when X departs sufficiently from zero. These remarks are intended to 
emphasize primarily the fact that the problem of branch determination, or type 
identification, under such extreme circumstances needs probably to be attacked by 
considering the relative rates at which the various limiting conditions are approached. 
Other considerations need also to be taken into account, of course, in dealing with the 
two-fluid-mixture theory of liquid helium; but it seems clear that further inquiry is 
warranted concerning the relevance of classical viscothermal concepts now that a more 
exact theory of these effects is available. 

The Kirchhoff approximation for weak or moderate conductors at low frequencies 
can be obtained directly from (3c-76) by neglecting terms in X 2 or higher. The dis- 
persion is thereby predicted to be negligible, so that c = c ; and the "Kirchhoff" 
attenuation <xk is given by 

cck = \ ko[X + (y - l)in = I koS (V + ^—^ 

If the Stokes relation is then presumed, by setting V = £ (which neither Kirchhoff 
nor Stokes himself did in this connection), (3c-79a) becomes 

«-i«(i+ 3 T , )= 2 ib[i-+ k ^] <-*»> 

The absorption predicted by (3c-796) is commonly, but not very appropriately, 
referred to as "classical"; but such an emasculated theoretical prediction neither 
accounts adequately for the attenuation observed experimentally, except in the case 
of a few monatomic gases, nor does it do justice to the essential content of the classical 
theory of viscous conducting fluids. 

Even when terms through X 2 are included, no change occurs in the odd function 
a/k , but dispersion is then predicted according to (3c-76i) which accounts for the 
second-order effects of both compressional and shear viscosity, heat conduction, and 
their interaction. This dispersion is anomalous for weak or moderate conductors 
(small F) but becomes normal if the speed-reducing influence of thermal conductivity 
becomes large enough to make (7 - Sy)Y > 10. On the other hand, if heat exchange 
were to be ignored altogether, the first two terms of (3c-76i) would give, for the dis- 
persion due to viscosity alone, 

(J)'*' +!*■-> +1(3)" 

•*«[■+! CSV] *"' 

Absorption and Dispersion Due to Heat Radiation. The effects of heat exchange by 
radiation, which were abandoned above in order to make (3c-74) more manageable, 
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can now be assessed by reverting to (3c-73). The nonlinear interaction between 
radiation and viscosity will be neglected, for the sake of expediency, even though 
(3c-74) suggests that it may be as large as second order. The primary effects of 
viscosity and heat conduction can be eliminated from (3c-73) by letting both X and 
XY go to zero while holding the frequency variable S' - co/q finite. This reduces the 
characteristic secular equation to the simple quadratic form 

y(S' - j) + (^^) 2 W ~3) = (3C-81) 

which can be solved directly to yield the following exact expressions for the attenuation 
and dispersion due to radiation alone: 

A {2»Y - * (sA 2 = c/ T - 1 

2t\c) " k\c) 7 * 2[1 + (yS')*] 

\&) = W =2^ iTW (3c ' 82) 



( £ V - - 

\CoJ 7, 



1 + (7SO 2 



(I) - 

\n// max 

(£) ■ 

VvO/ max 



T i(l + t£' 2 ) .'+ (1 + £ /2 )Kl + 7 2 £' 2 )* 

These equations indicate that both attenuation and dispersion become vanishingly 
small for either very large or very small values of S', and that a maximum of attenu- 
ation occurs in mid-range, near the single point of inflection of the dispersion curve. 
This absorption peak is characterized by 

-f^Tl ^ max A - 7 * r rad - — 

a ^ /q In* ( 3c " 83 ) 

2tt " [8(7 + 1)]* maxA ° 7 (t +3)* 

There is a curious dearth of quantitative information concerning the radiation 
coefficient q, and little is added to this by noticing the low attenuation and negligible 
dispersion observed for a wide range of audible sounds in air since these might corre- 
spond to values of S' either far above or far below the resonance peak described by 
(3c-83). The choice S' ^> 1 is unambiguously dictated, however, by the fact that the 
observed speed of sound is very close to the isentropic value c , whereas (3c-82 5 ) indi- 
cates that the isothermal speed co/y* would prevail if q were large enough to make £' 
small for all audio frequencies. Truesdell 1 has pointed out that these conclusions 
leave still in effect a prediction that at some lower subaudible frequency a peak of 
attenuation should appear with a magnitude A Q = 0.185tt ( «5 db per reference wave- 
length). This absorption peak has not been observed yet, at least deliberately, 
although its possible bearing on the acoustical character of thunder might be worth 
investigating. 

Relaxation Processes and Sound Absorption. The foregoing analysis of heat 
exchange by radiation puts in evidence the first example of what would now be called 
a typical relaxation process. The characteristic feature of such a process, in so far 
as the gross hydrodynamical response of the medium is concerned, is the existence of 
two relations among the state variables, one of which prevails asymptotically for slow 
variations, the other for rapid changes. Such bivalent behavior is typical of fluid 
mixtures containing two interacting components, such as a partly dissociated gas 2 or 
an ionic solution. 3 In these cases the relative concentrations of the two components 
either follow faithfully, in quasi-static equilibrium, the dictates of slowly changing 
external variables, or else, at the other asymptotic limit, they do not change at all 

4 C. A. Truesdell, J. Rational Mechanics and Analysis 2, 643-741 [666] (October, 1953). 
2 Einstein, Sitzber. deut. Akad. Wiss. Berlin Math.-Phys. Kl. 1920, 380-385. 
sLiebermann, Phys. Rev. 76, 1520-1524 (1949). 
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when the finite reaction rate is such that the external variables can complete cyclic 
changes too rapidly for the concentrations to "follow." A different but comparable 
kind of mixture is exemplified by an ensemble of atoms or molecules capable of being 
excited to different energy levels, of which the most common example is a diatomic gas 
in which the rotational degrees of freedom may or may not share the cyclic work of 
compression depending on whether an appropriately normalized frequency variable 
is "low" or "high." 

The physical problem of characterizing the rate-dependent properties of mixtures 
can be studied without regard for its acoustical consequences, and various approaches 
to this problem have turned on the assignment of two or more different internal or 
" partial' ' temperatures, different compressibilities, specific heats, etc. All the 
physical theories of pure relaxation appear to converge, however, in predicting the 
same acoustical behavior; viz., at-low frequencies an asymptotic speed of sound c°, a 
transition region of anomalous dispersion (dc/du> > 0) within which a maximum of 
attenuation occurs, and at high frequencies an asymptotic sound speed c 00 which can be 
related to c° by writing K = c °/c- < 1, where K is a material constant of the two- 
component medium. It follows then that, when the constant K and a dimensionless 
frequency variable X' can be properly identified and interpreted in terms of the 
physical mechanism involved, the acoustical behavior for any pure relaxation process 
will be described exactly by the following expressions derived from (3c-82) and (3c-83) 
by substitution: 



\c°) 1 



2(1 + X' 2 ) 
+ K*X'* + [(1 + X 4 X' 2 )(1 + X'*)\\ 
1 + X' 2 



1 + K*X'* 

a /v>y _ i (i - k*)X' 

k\c) ~ 2 1 + X' 2 (3c-84) 

(°\ = l ~ K («\ = 1 - K* 

Wma* 1 + K Uo/max [8(1 + K 2 )]i 

X' = K-i - ^ Y' - f %+K* \h 

dwiA ■**■ c o A mai Ao ~~ I i _i_ o XT 2 ) 

These equations revert exactly to (3c-82) and (3c-83) when the substitutions K 2 = y\ 
and X' = yS', are made, and when a factor y~ l is introduced to convert the low- 
frequency reference speed c° to the usual isentropic reference c . 

The "resonance" frequency characterizing a relaxation process is usually defined 
as the angular frequency at which the maximum attenuation per wavelength, A = «X, 
occurs; thus, co r s2w/r r = (w/XOX'max a, where r r is the related "relaxation peiiod." 
It has been pointed out that any mechanism of sound absorption can be interpreted 
as a relaxation phenomenon by suitably defining its relaxation time. For example, 
viscosity and heat-conduction "relaxation times" and their associated "resonance 
frequencies" can be defined by writing 

= 27r_X^_ & _2tt XY K 

TV co, - co ZV - poco 2 TK - ^ - "c7 = p^C; (3C ~ 85) 

Note that co* is specified in such a way that it reduces to u/X when V has the Stokes- 
relation value -|- When these relaxation frequencies are introduced in (3c-79) and 
(3c-80), the second-order dispersion and the Kirchhoff linear approximation for 
attenuation become 

7 r3v« , , , N coi (3c_86) 

«* == 7r/bo — - + ( T - 1) - 
L 4 co v co* J 
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When the fluid medium consists of an ideal monatomic gas, the physical significance 
of the relaxation times t v and r K can readily be interpreted as the time required for 
subsidence of a momentary departure from the equilibrium distribution of energy 
among the translational degrees of freedom. In the classical kinetic theory of gases, 
this recovery time is shown to be approximately L/v, the mean free path divided by 
the mean molecular velocity. 1 The conformity of the definitions (3c-85) with this 
concept can then be verified by recalling the kinetic-theory evaluations of viscosity 
[77 = ?pvL], thermal conductivity [(k/C p ) = (5/4 T )pi>L], and the speed of sound 
[c = 0.74£]. These considerations show, incidentally, that for such a gas the attenu- 
ation per reference wavelength is contributed almost equally by viscosity and heat 
conduction, and is proportional to the ratio of mean free path to wavelength. 

The precise physical significance of r v and r K is less obvious for polyatomic gases and 
liquids; but if this is glossed over, the frequency ratios -^Dco/Wi,, ■$o> v /co K V, and 2tto)/o3 K 
can be substituted directly for X, F, and XY in any of the viscothermal relations 
deduced above. Merely introducing these " relaxation" frequencies, however, does 
not invest heat conduction or viscosity with any new or different relaxation-like 
properties, and the exact viscothermal theory, in whatever symbols expressed, con- 
tinues to predict that sound speed will increase indefinitely with frequency, that A 
will display a typical broad maximum for some X in the range 1 to 1.7 (depending on 
the thermoviscous parameters 7 and F), that (A )max will always have about the same 
magnitude (a/k « ^), and that the peak in A can be made to occur at any chosen 
actual frequency by suitable assignment of the viscosity number V. [cf. (3c-72), 
(3c-85)]. In contrast with this behavior, a pure relaxation phenomenon would call 
for the sound speed to level off at the high-frequency limit given by K~\ and would 
display a maximum in A that increases in height and retreats toward higher fre- 
quencies as the speed increment c 00 — c° increases and K varies from 1 toward zero. 

Allusion has already been made to the established fact that measured values of 
attenuation usually exceed the "classical" prediction (3c-7%) and often exhibit one 
or more maxima at finite frequencies. As a matter of fact, even when the complete 
consequences of the classical theory are taken into account, and when the viscosity 
number is adjusted to make the predicted attenuation at low frequencies correspond 
with experiment, the classical viscothermal theory still fails to account for all the 
experimental facts, but for a reason that is just the opposite of that usually advanced, 
namely, because it then predicts too much attenuation at the resonance peak and at 
higher frequencies! In spite of this latent contradiction, the alleged failure of 
"classical" theory as represented by (3c-7%) (which is, after all, only part of an 
approximate solution of the linearized first-order equations) has stimulated widespread 
efforts to repair its deficiency by invoking a wide variety of relaxation and other 
theories, 2 many of which have been marred by an ad hoc flavor that renders them little 
more than examples of ingenuity in curve fitting. 

Measurements of absorption and dispersion in rarefied helium gas over a wide range 
of the frequency variable S have confirmed in all essential details the pattern of 
behavior predicted by the exact viscothermal theory. 3 Unless the classical concepts of 
viscosity and heat conduction are to be abandoned altogether, therefore, logic demands 
that the exact viscothermal theory be accepted as the foundation on which to erect 
any more complete analysis of sound absorption in media less idealized than rarefied 

1 Jeans, "Dynamical Theory of Gases," 2d ed., pp. 260-262, Cambridge University 
Press, Cambridge, England, 1916. 

2 For reviews of what has been called the "exuberant literature" dealing with relaxation 
and other theories of sound absorption, see Kneser, Ergeb. exakt. Naturwiss. 22, 121-185 
(1949); Markham, Beyer, and Lindsay, Revs. Modern Phys. 23, 353-411 (1951); Kittel, 
Phys. Soc. (London), Repts. Progr. in Phys. 11, 205-247 (1948); see also, for background, 
W. T. Richards, Revs. Modern Phys. 11, 36-64 (1939). 

s Greenspan, Phys. Rev. 75, 197-198 (1949); /. Acoust. Soc. Am. 22, 568-571 (1950). 
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helium. A good many " honest" relaxation mechanisms do exist and must be 
accounted for, but in the accounting these effects should presumably be regarded as 
factors perturbing the fundamental thermoviscous behavior rather than the converse. 
The two-fluid-mixture theory of relaxation effects seems best adapted for inclusion in 
such a compound analysis, and a start in this direction has already been made. 1 
Much remains to be done, however, before this basic acoustical problem can be said 
to be understood. 

3c-10. Characteristic Acoustic Impedance of a Thermoviscous Medium. When the 
first-order sound pressure p x is put back into (3c-70 2 ) [by tracing its last term back 
through (3c-25n)], this equation of motion can be rewritten at once in terms of the 
specific acoustic impedance, as follows: 

[jcopo - (a + jk) 2 V V]ui - (a + jk)pi = 
£* = Z = jkp c(oc +jk)'i - V V(at +jk) 

-~('--<ir.->~s(?)'( , -'f)- <^ 7 » 

The normalized specific impedance, or specific impedance ratio, (pi/p cui) = z, which 
would be unity in the nondissipative case, is now in a form to be evaluated by direct 
substitution of the series expansions (3c-76). After some manipulation, and retaining 
only terms through X 2 and F 2 , the impedance ratio can be put in the form 



= -•-!& + *(?)"]+'[»-*(?)■] 



Pi 
poCUi 

1 - \ * 2 [3 + 4( 7 - 1)F + (y - l)»F»] + 0(X*) 



j {i X[l - ( y - l)Y] + 0(X») } (3c-88) 



It follows that sound pressure lags the particle velocity when (7 — l)ic/rfQCp is less 
than unity, as it is for the common fluids under ordinary conditions; but pressure leads 
the particle velocity when the ratio of heat conductivity to viscosity is high enough to 
make (7 — 1)k > rfOC p . 

3c-ll. Thermal Noise in the Acoustic Medium. The mode of motion that is heat 
furnishes a restless background of noise that underlies all acoustical phenomena. The 
magnitude and nature of this thermal noise can be assessed by appealing to concepts 
drawn from such apparently unrelated sources as architectural acoustics, elementary 
quantum theory, and the classical kinetic theory of gases. 

The scheme of analysis can be described simply: the thermoacoustic noise energy 
density, as measured by the mean-square sound pressure, is set equal to the density 
of the internal energy of thermal agitation associated with the translational degrees 
of freedom of the molecules composing the medium. It is then postulated that these 
molecular motions of thermal agitation can be regarded as a vector summation of the 
motions associated with a three-dimensional manifold of compressional standing 
waves, each behaving as it would in an ideal continuous medium having the same 
gross mechanical and elastic properties that characterize the actual medium. Each 
of these standing-wave systems thus constitutes an allowed, thermally excited, normal 
mode of vibration, or degree of freedom, to which can be assigned, in accordance with 
elementary quantum theory, the average energy 

1 Z. Sakadi, Proc. Phys.-Math. Soc. Japan (3) 23, 208-213 (1941) ; Meixner, Acustica 
2, 101-109 (1952). 
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Energy hf (3c-89) 

Mode ~ exp (hf/kT) - 1 V ° ' 

where h is Planck's constant, k is Boltzmann's constant, T is the absolute temperature, 
and / is the frequency in cycles per second. 

The incremental number of such energy-bearing modes of vibration is given by the 
count of normal frequencies lying between / and / + df; and this is given, as in the 
theory of room acoustics, 1 by 

-PtF + S + s)* «*•» 

where V is the volume, S the total surface, and L the sum of the three dimensions 
of the region under consideration, and where the three terms represent, respectively, 
the normal-frequency " points" distributed throughout the volume, over the coordi- 
nate planes, and along the coordinate axes of an octant of frequency space. If the 
three dimensions of the region are not too disparate, S can be approximated by 6FI, 
and L by 3 V*,. giving 

For sufficiently high frequencies, this reduces to the classical expression (Rayleigh, 
1900; Jeans, 1905) for the distribution of normal frequencies, 

dN-*y% (3C-92) 

c 3 

an aymptotic form that can be shown (Weyl, 1911) to be independent of the shape of 
V and rigorously valid in the limit when X = c/f becomes small in comparison with Vi. 
If attention is confined for the moment to finite frequency bands that do not include 
the lower frequencies, the incremental translational energy density of thermal agita- 
tion will be given by the product of (3c-89) and (3c-92). Then, by hypothesis, this 
can be set equal to the incremental energy density of the diffuse sound field, which is 
given by d((p 2 )/pc 2 ), where p is the rms sound pressure; thus 

■ <p»)_ (WW (3c „ 93) 

P c 2 exp (hf/kT) - 1 
- (4*kT/c*)f*df (hf/kT) 
exp (hf/kT) - 1 

-^M'-iS + aft)'- • ' I OS)'*" <3 °- M) 

The total energy density associated with all the allowed modes of vibration is then 
to be found by extending the integral of (3c-94) over all frequencies less than the upper 
limiting frequency for which the mode count [by (3c-92)] is just equal to three times 
nv, the total number of molecules in unit volume. This upper frequency limit, /iim, is 
given, for either liquids or gases, by the integral of (3c-92) ; 

-y- - -g^- = 3nv = 3A m /lim " ~^M (3 ° 95} 

where A is Avogadro's number (6.025 X 10 26 molecules /kg mole), p is in kg/m 3 , and 
M is the molecular weight (numeric, 2 = 32). At ordinary room temperature, 
/iim « 2 X 10 10 c/s for air, ~4 X 10 12 c/s for water. These frequencies are well 
outside the range so far accessible for acoustical experimentation and need not be 

i Maa, J. Acouat. Soc. Am. 10, 235-238 (1939) ; Bolt, /. Acoust. Soc. Am. 10, 228-234 
(1939). 
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considered further except when the foregoing notions are used as the basis for a theory 
of specific heats, in which case it is necessary also to take into account vibrational 
and rotational degrees of freedom, and to reexamine the equilibrium statistics that 
underlie (3c-89). Note in passing that the phonon of specific-heat theory merely 
identifies the burden of internal energy carried by each of the normal modes of vibra- 
tion postulated above. 

Within the ranges of frequency and temperature ordinarily of interest in the assess- 
ment of thermal noise, the exponent hf/kT is so small that even the linear term in the 
series expansion of (3c-94) can be omitted. This amounts to a reversion to the 
classical analysis of energy partition in continuous media 1 and to the assignment of an 
energy kT to each allowed mode of vibration. With this simplification, (3c-94) can 
be integrated at once to yield the mean-square sound pressure, in the frequency band 
/ 2 - /i, as 

(P 2 ) =3 wkT ^ t^ - /i 3 ) (newtons/m 2 ) 2 (3c-96) 

in which Boltzmann's constant k = 1.380 X 10" 23 joule/deg Kelvin, T is in degrees 
Kelvin, p in kg/m 3 , and c in m/sec. To facilitate computation, it is useful to rearrange 
(3c-96) in the following forms: 

Pr ma = 1.3 X 10-i 2 (£)* [2— (/ 2 3 - fi*)J newtons/m 2 (3c-97a) 

dynes/cm 2 = M b (3c-976) 

Mb (3c-97c) 



(Prm 8 )air = 0.76 X 10" 10 
(Prms) n . water = 10.6 X 10" 10 






in which the constants have been adjusted to make the temperature factor reduce to 
unity at 20°C, and where p/c has been taken as 0.00345 for air and 0.67 for sea 
water. It follows, for example, that the rms thermal noise pressure, for the wide-range 
audio-frequency band extending to 19 kc/s in air, is just equal to the reference sound 
pressure, p = 0.0002 pb. 

The power spectrum of thermal noise can be deduced from either (3c-94) or (3c-976) 
and may be expressed as a sound spectrum level by writing 

incise = 10 log 10 ( ""fW'IM,, j = ^ A*kTf*p 



\ df ; = iok ^ 

- 10 log 10 [4.33 X 10-'(/ kc/s ) 2 ^3] 



cpo* 



- -63.6 + 20 log 10 /kc/ 8 + 10 log 10 ~ db (3c-98) 

Note that this noise spectrum is not " white' ' but has instead a uniform positive slope 
of 6 db /octave, corresponding to an rms thermal-noise sound pressure that is directly 
proportional to frequency. On the other hand, for frequencies low enough to make 
the additive "correction" terms of (3c-91) significant, the noise spectrum level tends 
increasingly to lie above the +6 db /octave line as the frequency approaches the low- 
frequency cutoff at which only the gravest mode of vibration can be excited. The 
noise spectrum level can also be expected to vary erratically as the low-frequency limit 
is approached and the population of normal frequencies becomes sparse, in much the 
same way that the steady-state pressure response of small rooms varies irregularly 
with frequency when only a few normal modes of vibration are available for excitation. 
It does not follow, however, that thermal noise in such a small enclosure could be 
1 Jeans, 'Dynamical Theory of Gases," 2d ed., pp. 381-391. 
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"quieted" by the application of sound absorbents. The boundary surfaces, without 
regard for their acoustical character, will always reach the same radiative equilibrium 
with the interior medium if both are at the same temperature; otherwise there would 
be a net flow of thermal "noise" energy across the boundaries in the guise of ordinary 
heat transfer . 

The possibility that thermal noise might be the factor that limits human hearing 
acuity can be assessed with the help of (3c-98) . If the critical-band theory of masking 
by wide-band noise continues to hold for subliminal stimuli, the effective masking 
level of thermal noise can be found by adding, at any frequency, the critical bandwidth 
(expressed as 10 logio A/ c ) and the spectrum level given by (3c-98). Comparing this 
result with the binaural threshhold for random incidence then leads to the conclusion 
that thermal noise remains about 11 to 13 db below threshhold at the frequency of 
greatest vulnerability (ca. 3 to 5 kcs), even for young people with exceptionally acute 
hearing. On this basis human hearing might be assigned a "noise figure " of approxi- 
mately 12 db. It is probable that some at least of this failure to achieve ideal function 
can be ascribed to internal noise of physiological origin. The near miss on thermal 
noise limiting gives comforting reassurance, however, that not more than a few decibels 
of additional hearing acuity could be utilized effectively by humans even if biological 
adaptation were to make it available. 



3d. Acoustic Properties of Gases 
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A number of the physical properties of a gas are important in determining its 
acoustic characteristics. These include density, pressure, temperature, specific heats, 
coefficients of viscosity, etc. These properties, and others, are presented and dis- 
cussed below in detail. 

3d-l Density. The density P o of a number of common gases at standard tem- 
perature and pressure is given in Table 3d-l. The density at any temperature and 
pressure can be obtained from the expression 

/ P \ / 273.16 \ 
p " po V760 A~~5 i ~7 

where P is the barometric pressure in millimeters of mercury and T is the absolute 
temperature in degrees Kelvin. . 

3d-2. Atmospheric Pressure and Temperature. The atmospheric pressure and air 
temperatures, and consequently the air density, vary with elevation above the surface 
of the earth. Table 3d-2 gives the air pressure, temperature, and density as a function 
of elevation as compiled by Humphreys 1 and others where indicated. 

i -Handbook of Chemistry and Physics," 37th ed. Chemical Rubber Publishing Com- 
pany, Cleveland, 1954-1955. 
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Table 3d-l. Density Po (0°C, 1 atm) 
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Gas 



Air 

Ammonia. 

Argon. 



Carbon dioxide. . . 
Carbon monoxide. 
Chlorine 



Ethane 

Ethylene 

Helium 

Hydrogen 

Hydrogen sulfide. 



Methane. . . . 

Neon 

Nitric oxide. 
Nitrogen. . . . 



Nitrous oxide. 
Oxygen 



Propane 

Sulfur dioxide. 
Steam (100°) . . 



Formula 



NH 3 



CO a 

CO 

Cl 2 

C2H6 

C2H4 

He 

H 2 

H 2 S 

CH 4 

Ne 
NO 

N 2 

N 2 
2 

C3H8 

S0 2 

H 2 



po, g/liter 



1.2929 
1.2920 S 
0.7710 
0.7598 S 
0.7708 C 
1 . 7837 
1.782 S 
1.7828 C 



.9769 
.9630 S 
.2504 
.2492 S 
.214 
. 1638 S 
.2204 C 
.3566 
.2604 
. 17847 
0.08988 
1.539 
1.5203 S 
0.7168 
0.7152 S 
0.90035 
0.8713 C 



3402 

3388 S 

25055 

2568 S (atm) 

2499 S (chem) 

9778 

42904 

4277 S 

0096 

020S 

9269 
2.858 S 
0.5980 



po, lb /ft 3 



0.08071 
0.0806 S 
0.04813 
0.04742 S 
0.0482 C 
0.11135 
0.1112 S 
0.1114 C 
0.12341 
0.1225 S 
0.07806 
0.0779 S 
0.2006 
0.1974 S 
0.2011 C 
0.08469 
0.07868 
0.01114 
0.005611 
0.09608 
0.0949 S 
0.04475 
0.04462 S 
0.05621 
0.1)544 C 
0.08367 
0.0836 S 
0.07807 
0.07846 S 
0.07803 S 
0.1235 
0.08921 
0.08915 S 
0.1254 
0.1261 S 
0.1827 
0.1784 S 
0.0373 



S = Smithsonian Tables, 9th ed., 1954. 

C = J. H. Perry, "Chemical Engineers' Handbook," 3d ed., McGraw-Hill Book Company, Inc., 
New York, 1950. 

At 0°C a 760-mm column of mercury exerts a pressure of 1.01325 X 10 6 dynes /cm 2 . 
This is standard atmospheric pressure. When determining the atmospheric pressure 
using a mercury barometer, account must be taken of the thermal expansion of 
mercury, and the thermal expansions of the glass container and metallic scale. 

3d-3. Specific Heat. For several common gases the values of C p , the specific heat 
at constant pressure, and 7, the ratio of C v to C„, are given in Table 3d-3. C v is the 
specific heat at constant volume. C P is expressed in calories per gram. 
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Table 3d-2. Atmospheric Pressure, Temperature, and Density 
as a Function of Elevation *f 



Elevation 


Summer 


Winter 


Km 


Miles 


Temp., 


Pres- 
sure, 
mm Hg 


Density 
dry air, 
g/cm 3 


Temp., 

°C 


Pres- 
sure, 
mm Hg 


Density 
dry air, 
g/cm 3 


20.0 


12.4 


-51.0 


44.1 


0.000092 


-57.0 


39.5 


0.000085 


19.0 


11.8 


-51.0 


51.5 


0.000108 


-57.0 


46.3 


0.000100 


18.0 


11.2 


-51.0 


60.0 


0.000126 


-57.0 


54.2 


0.000117 


17.0 


10.6 


-51.0 


70.0 


0.000146 


-57.0 


63.5 


0.000137 


16.0 


9.9 


-51.0 


81.7 


0.000171 


-57.0 


74.0 


0.000160 


15.0 


9.3 


-51.0 


95.3 


0.000199 


-57.0 


87.1 


0.000187 


14.0 


8.7 


-51.0 


111.1 


0.000232 


-57.0 


102.1 


0.000220 


13.0 


8.1 


-51.0 


129.6 


0.000270 


-57.0 


119.5 


0.000257 


12.0 


7.5 


-51.0 


151.2 


0.000316 


-57.0 


140.0 


0.000301 


11.0 


6.8 


-49.5 


176.2 


0,000366 


-57.0 


164.0 


0.000353 


10.0 


6.2 


-45.5 


205.1 


0.000419 


-54.5 


192.0 


0.000408 


9.0 


5.6 


-37.8 


237.8 


0.000470 


-49.5 


224.1 


0.000466 


8.0 


5.0 


-29.7 


274.3 


0.000524 


-43.0 


260.6 


0.000526 


7.0 


4.3 


-22.1 


314.9 


0.000583 


-35.4 


301.6 


0.000590 


6.0 


3.7 


-15.1 


360.2 


0.000649 


-28.1 


347.5 


0.000659 


5.0 


3.1 


- 8.9 


410.6 


0.000722 


-21.2 


398.7 


0.000735 


4.0 


2.5 


- 3.0 


466.6 


0.000803 


-15.0 


455.9 


0.000821 


3.0 


1.9 


+ 2.4 


528.9 


0.000892 


- 9.3 


519.7 


0.000915 


2.5 


1.6 


+ 5.0 


562.5 


0.000942 


- 6.7 


554.3 


0.000967 


2.0 


1.2 


+ 7.5 


598.0 


0.000990 


- 4.7 


590.8 


0.001023 


1.5 


0.9 


+ 10.0 


635.4 


0.001043 


- 3.0 


629.6 


0.001083 


1.0 


0.6 


+ 12.0 


674.8 


0.001100 


- 1.3 


670.6 t 


0.001146 


0.5 


0.3 


+ 14.5 


716.3 


0.001157 


0.0 


714.0 


0.001215 


0.0 


0.0 


+ 15.7 


760.0 


0.001223 


+ 0.7 


760.0 


0.001290 



* "Handbook of Chemistry and Physics," 37th ed. 
t See also Sec. 2m-8, pp. 2-127 to 2-128. 

3d-4. Viscosity. The coefficient of viscosity 77 of a number of gases is given in 
Table 3d-4. The units of 77 are dyne-seconds per square centimeter or poises. 

The ratio 17 /p of viscosity to density occurs frequently and is known as the kinematic 
viscosity coefficient. It is usually designated by the letter *>, and has the dimensions 
square centimeters per second, in the cgs system. For air, v — 0.151 1 cm 2 /sec at 
18°C and 760 mm of mercury. 

For a plane acoustic wave propagating in an unbounded gas a small attenuation 
will occur because of viscosity. The attenuation factor is e~ a v x for the pressure (or 
particle velocity) and 



** "3p? 



where c is the speed of sound and co the angular frequency of the wave. 

3d-5. Thermal Conductivity. The thermal conductivity k of a number of gases is 
given in Table 3d-5. The units of k are calories per centimeter-second-degree. 

The quantity k/pC v frequently appears in heat-conduction equations. It is often 
designated by the symbol a, and is called the coefficient of temperature exchange. 
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Table 3d-3. Specific Heat at Constant Pressure C p and the Ratio y 
of C P to the Specific Heat at Constant Volume C v * 

[C p (cal/gdeg); 7 - C p /C v ] 



Gas 



Air. 



Ammonia 

Argon 

Carbon dioxide . . . 
Carbon monoxide. 

Chlorine 

Ethane 

Ethylene 

Helium 

Hydrogen 

Hydrogen sulfide. . 

Methane. 

Neon 

Nitric oxide 

Nitrogen 

Nitrous oxide 

Oxygen 

Propane 

Steam 

Sulfur dioxide 



Temp., °C 



-120 



50 



50 



100 



400 

1000 

1400 

1800 

15 

15 

15 

15 

15 

15 

15 

-180 

15 

15 

15 



10 atm) 
;20 atm) 
;40 atm) 
70 atm) 
10 atm) 
[20 atm) 
;40 atm) 
(70 atm) 
1 atm) 
;20 atm) 
(60 atm) 
;20 atm) 
100 atm) 
;220 atm) 
1 atm) 
[20 atm) 
100 atm) 
(220 atm) 
1 atm) 
1 atm) 
[1 atm) 
1 atm) 
1 atm) 
(1 atm) 
1 atm) 
1 atm) 
1 atm) 
1 atm) 
1 atm) 
1 atm) 
1 atm) 
1 atm) 
1 atm) 



15 
15 
15 
15 



100 
15 



1 atm) 
1 atm) 
1 atm) 
1 atm) 



1 atm) 
1 atm) 



0.2719 

0.3221 

0.4791 

0.7771 

. 2440 

0.2521 

0.2741 

0.3121 

0.2398 

0.2484 

0.2652 

0.2480 

0.2719 

0.2961 

0.2404 

0.2471 

0.2600 

0.2841 

0.2430 

0.2570 

0.2699 

0.2850 

0.5232 

0.1253 

0.1989 

0.2478 

0.1149 

0.3861 

0.3592 

1.25 

3.389 

0.2533 

0.5284 

0.2329 
0.2477 
0.2004 
0.2178 

0.4820 
0.1516 



Temp., °C 



-118 (1 atm) 



+ 











17 

20 

100 

200 

400 

1000 

1400 

1800 

15 

15 

15 

15 

15 

15 

15 

-180 

15 

15 

15 

19 

15 

15 

15 

15 

16 

100 

15 



1 atm) 
1 atm) 
25 atm) 
100 atm) 



1 atm) 
25 atm) 
50 atm) 
75 atm) 
1 atm) 
3 atm) 
1 atm) 

1 atm) 



atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

atm) 

.5 atm) 

atm) 

atm) 



1.415 

1.403 
1.408 
1.57 
2.20 



1.403 

1.47 

1.53 

1.59 

1.403 

1.41 

1.401 

1.398 

1.393 
1.365 
1.341 
1.316 
1.310 
668 
304 



1 

1 
1.404 



355 
22 
255 
660 
410 
32 
1.31 
1.64 
1.400 
1.404 
303 
401 
13 
324 
29 



* "Handbook of Chemistry and Physics," 37th ed. 



3-60 



ACOUSTICS 



The reciprocal of « is often called diffusivity. In the cgs system the units of a are 
square centimeters per second. For air a — 0.27 cm 2 /sec at 18°C and 760 mm of 
mercury. 

A plane acoustic wave propagating in an unbounded gas will be attenuated slightly 

Table 3d-4. Coefficient of Viscosity rj for Different Gases 
as a Function of Temperature* 



Gas 



Air. 



Argon 

Carbon dioxide . . . 

Carbon monoxide 

Helium 

Hydrogen 

Neon 

Nitric oxide 

Nitrogen 

Nitrous oxide. . . . 
Oxygen 



Formula 



A 

C0 2 

CO 

He 

H 2 

Ne 
NO 

N 2 

N 2 

2 



Temp., °C 



Viscosity, micropoises 
(dyne-sec/cm 2 X 10" 6 ) 



-31.6 


153.9 





170.8 


18 


182.7 


40 


190.4 


54 


195.8 


74 


210.2 


100 


217.5 


150 


238.5 


200 


258.2 


300 


294.6 


400 


327.7 


500 


358.3 





209.6 


23 


221.0 





139.0 


20 


148.0 


40 


157.0 





166 


15 


172 


100 


210 





186.0 


20 


194.1 





83.5 


20.7 


87.6 


20 


311.1 





178 


20 


187.6 


27.4 


178.1 





135 





189 


19.1 


201.8 


127.7 


256.8 



* "Handbook of Chemistry and Physics," 37th ed., and "International Critical Tables." 



because of thermal-conduction effects. The attenuation constant ar is 

_ k( 7 - iy 

aT ~ ypC v C* 

where k/ p C v is the coefficient of temperature exchange, y the ratio of specific heats, c 
the propagation velocity, and <o the angular frequency of the wave. 
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3d-6. Speed (Velocity) of Propagation. 

amplitudes can be written exactly as 1 



3-61 

The speed of sound for small sound 



c=r^(/+ 



L m 



gR 

hC v ° 



)]' 



where 



/ = 



RT 



(n), 



= (Z d JLY 

g \R dTjv 

z, ^"° i i ^ 



J oo \dT*) x 



dV 



C" is the specified heat for constant volume as the volume approaches infinity; M, 
the molecular weight of the gas, has been substituted for P V; and R, the gas constant, 
puts the equation in a useful form. The quantities /, g, h are dimensionless and differ 
only slightly from unity as determined by the imperfection of the gas. 

Table 3d-5. Thermal Conductivity k of Gases at 0°C* 



Gas 


Formula 


Thermal conductivity k 
at 0°C (cal/cm-sec-deg) 


Air 


A 

C0 2 

He 

H 2 

Ne 
N 2 
2 
H 2 


0.0548 X 10~ 3 
0.0387 X 10- 3 
0340 X 10~ 3 


Argon 


Carbon dioxide 


Helium 


0.344 X 10- 3 
416 X 10~ 3 


Hydrogen 


Neon 


0.1104 X 10~ 3 
0566 X 10~~ 3 


Nitrogen 


Oxygen 


0.0573 X 10" 3 
0.0551 X 10- 3 (100°C) 


Steam (100°C) 





* Kennard, " Kinetic Theory of Gases," McGraw-Hill Book Company, Inc., New York, 1938. 

Thus if the molecular weight, the specific heat, and the equation of state are known, 
the velocity of sound under any conditions can be calculated. 
For an ideal gas, where PV = RT one can write 

•-[£-(■ +£)]*- (SOW?)' 

where y = -^r 

The accepted value of c , the velocity at standard conditions of temperature and 
pressure, for a number of gases is given in Table 3d-6. 

The accepted value of the speed of sound in air, c, as calculated and checked on the 
average by several reported determinations is 1 

Co =- 33,145 ± 5 cm /sec 
co = 1,087.42 ± 0.16 fps 

under the conditions (1) audible frequency range, (2) temperature at 0°C, (3) 1 atm 
pressure, (4) 0.03 mole per cent content of C0 2 , (5) per cent water content. To 

1 See Hardy, Telfair, and Pielemeier, J. Acoust. Soc. Am. 13, 226 (1942). 
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Table 3d-6. Speed (Velocity) of Sound in Gases* 



Gas 


Formula 


Speed, m/sec at 0°C 


Speed, fps at 0°C 


Air 


NH 3 
A 
CO 
C0 2 

cs 2 
Cl 2 

C2H4 

He 

H 2 

CH 4 

Ne 

NO 

N 2 

N 2 

2 

H 2 


331.45 
415 
319 
337.1 

258.0 (lowfreq.) 
268.6 (high freq.)t 
189 
205.3 
314 
970 
1,269.5 
490.4 
432 
435 
325 , 
337 
261.8 
317.2 
404.8 


1,087.42 


Ammonia 


1,361 


Argon 


1,046 


Carbon monoxide 


1,106 


Carbon dioxide 


846 (low freq.) 


Carbon disulfide. 


881 (high freq.) t 
606 


Chlorine 


674 


Ethylene 


1,030 


Helium 


3,182 


Hydrogen 


4,165 




1,609 


Methane 


1,417 


Neon 


1,427 


Nitric oxide 


1,066 


Nitrogen 


1,096 


Nitrous oxide 


859 


Oxvscen 


1,041 


Steam (100°C) 


1,328 






1 





* "Handbook of Chemistry and Physics," 37th ed., "International Critical Tables," and J. Acoust. 

t"High frequencies" means that the acoustic period is so short that the periodic changes in the 
vibrational heat constant cannot remain in phase with the other periodic changes as the sound wave 
passes through the gas. 

calculate the speed of sound at various temperatures one can write 

- 33 > 145 Vrfie cm/sec 

= 33,145(l+2^g) cm/sec (^|L«l) 

where T = absolute temperature 

°C = temperature, °C 
If the gas is made up of a mixture of gases or if water vapor is present the expression 



-[¥( 



1 +" 



;)]' 



can still be used to calculate the velocity. The molecular weight M of the mixture 
can be calculated, or, realizing that RT/M = p/p, the density of the mixture can be 
used. 

In addition to correcting M (or p) it is necessary to correct C v also. It is incorrect 
to take the weighted average of the ratio of the specific heats, y. The weighted 
average of the specific heats themselves must be used. 

For rough calculations of the variation with humidity or composition, it is probably 
sufficient merely to correct for the density of the mixture. 

3d-7. Characteristic Impedance. The characteristic impedance is equal to the 
ratio of the sound pressure to the particle velocity in a plane wave traveling in an 
unbounded medium. It is equal to the density times the velocity of propagation, 
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that is, pc. The variation of pc with temperature can be calculated from the expression 



/ 273.16 V P 



pc = poco ^ — jt~ I T^Q rayls 



where p c is the value at 0°C and 1 atm pressure. For air p c = 42.86 dyne sec /cm 3 . 
Table 3d-7 contains values of poc for several common gases. 

Table 3d-7. Characteristic Impedance p c of Common Gases at 0°C 
(273.16°K) Temperature and 760 mm Hg Barometric Pressure 



Gas 


Formula 


PoCo, dyne-sec /cm 3 at 
0°C, 760 mm Hg 


Air 


A 

C0 2 

CO 

He 

H 2 

Ne 

NO 

N 2 

N 2 

o 2 


42 86 


Argon 


56 9 


Carbon dioxide 


50 8 


Carbon monoxide 

Helium 


42.1 
17 31 


Hydrogen 


11 41 


Neon 


38 5 


Nitric oxide 


43 5 


Nitrogen. . . 


42 1 


Nitrous oxide 


51 8 


Oxygen 


45 3 







3d-8. Attenuation. In addition to the dispersion of sound due to wind, turbulence 
in the atmosphere, and temperature gradients, two properties of the medium combine 
to attenuate a wave which is propagated in free space. The first of these attenuations 
is caused by molecular absorption and dispersion in polyatomic gases involving an 
exchange of translational and vibrational energy between colliding molecules. The 
second is due to viscosity and heat conduction in the medium. 

Knudsen 1 says that "the attenuation of sound is greatly dependent upon location 
and weather conditions, that is, upon the humidity and temperature of the air. The 
cold air of the arctic is acoustically transparent ; the attenuation of sound is not much 
more than that attributable to viscosity and heat conductivity; ... for the hot and 
relatively dry summer air of the desert, such as at Greenland Ranch, Inyo County, 
California, where the relative humidity may drop as low as 2.4 per cent, the attenu- 
ation at 3000 cps is 0.14 db/m, and at 10,000 cycles it is 0.48 db/m." 

Data on the absorption of audible sound in air are valuable because they are needed 
to calculate the reverberation time for high-frequency sound in rooms, for determining 
the amplification characteristics of public-address systems for use outdoors, and for 
predicting the range of effectiveness of apparatus for sound signaling and sound 
ranging in the atmosphere. 

Kneser 1 has treated analytically the problem of absorption and dispersion of sound 
by molecular collision. He summarized his results in the form of a nomogram which 
has been reprinted along with comments by Pielemeier. 3 Pielemeier observes that for 

1 V. O. Knudsen, The Propagation of Sound in the Atmosphere — Attenuation and 
Fluctuations, J. Acoust. Soc. Am. 18, 90-96 (1946). 

2 H. O. Kneser, The Interpretation of the Anomalous Sound-absorption in Air and 
Oxygen in Terms of Molecular Collisions, J. Acoust. Soc. Am. 5, 122-126 (1933) ; A Nomo- 
gram for Determination of the Sound Absorption Coefiicient in Air, Akust. Z, 5, 256-257 
(1940) (in German). 

3 W. H. Pielemeier, Kneser's Sound Absorption Nomogram and Other Charts, /. Acoust. 
Soc. Am. 16, 273-274 (1945). 
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molecular absorption Kneser's theoretical values are lower than Knudsen's 1 experi- 
mental values for reasons not fully understood. 

Kneser's nomogram is reproduced in Fig. 3d-l. By means of it, the attenuation 
due to the molecular absorption can readily be found for any ordinary set of conditions 
of temperature, humidity, and frequency. For example, if the temperature is 15°C, 
and relative humidity is 50 per cent, first locate 15° on the temperature axis, trace left 
to the 50 per cent mark, then upward to the middle of the shaded area (upper left), 
then to the right to the proper frequency curve (3 kc in this case), then downward 
to the K scale. Next begin another tracing at 15°C toward the right until the lower 
right curve is reached, then trace upward to the log (M) + 7 scale. Then join the 
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Fig. 3d-l. Nomogram for determining the attenuation in air caused by molecular absorp- 
tion. (FromL.L. Beranek, "Acoustics Measurement," John Wiley & Sons, Inc., New York, 
1949; after Kneser.) 

end points of the two tracings with a straight line. The value of the molecular 
attenuation a m as read on that scale will be 12 db/km or 3.7 X 10 -3 db/ft. The half 
width of the shaded band in the log X chart of Fig. 3d-l represents the uncertainty 
in the log X values. Note that the band changes position slightly with temperature. 
The attenuation caused by heat conduction and viscosity of the air a c is not known 
so accurately. The classical absorption due to these causes has been thoroughly 
described by Lord Rayleigh 2 and was first derived by Kirchhoff and Stokes as the 
relation 

ao = ^+«r=2^i[| + (7-D^] nepers/cm 

where w/2x = frequency in cycles per second; p = density in grams per centimeter 

1 V. O. Knudsen, The Absorption of Sound in Air, in Oxygen and in Nitrogen — Effects 
of Humidity and Temperature, /. Acoust. Soc. Am. 5, 112-121 (1933). 

2 Lord Rayleigh, "Theory of Sound," The Macmillan Company, New York, 1929. 
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cubed; c = speed of sound in centimeters per second; rj = coefficient of viscosity in 
poises; y — ratio of specific heats; k = coefficient of thermal conductivity in calories 
per second-degree-centimeter; and C p is the specific heat at constant pressure in 
calories per gram-degree. 

Recent papers by Sivian 1 and Krasnooshkin 2 have led to somewhat higher values 
for the absorption caused by viscosity. The data from these three sources are given 
by Fig. 3d-2 and the equations 



For X in feet, 
For X in meters, 



a c = 0.143 ^ db/ft 
« c = 0.0437 ^ db/m 



where X is the wavelength and A is given in the curve in Fig. 3d-2. 
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Fig. 3d-2. Plot of A in centimeters as a function of temperature: A = a c X 2 /0.0437, where 
X = wavelength in meters, and <x c is the attenuation constant in db per meter for a free- 
traveling plane wave. The upper line (Sivian) obtained by multiplying the Stokes value 
by 1.5, lies closer to measured values than does either of the other two. {From L. L. 
Beranek, "Acoustic Measurements," John Wiley & Sons, Inc., New York, 1949.) 

The total attenuation ola due to both types of absorption is therefore 

Ola — oL m + oL c db/ft (or db/m) 

These high values of attenuation appear to come from the H 2 vapor content of the 
air, although they cannot be calculated accurately by the Kneser nomogram. At 
frequencies above 100 kc for undried air and at all frequencies for dried air, and oxygen 
and nitrogen, the measured attenuation is about 1.5 times that predicted by the 
Stokes relation. 

*L. J. Sivian, High Frequency Absorption in Air and in Other Gases," J. Acoust. Soc. 
Am. 19, 914-916 (1947). 

2 P. E. Krasnooshkin, On Supersonic Waves in Cylindrical Tubes and the Theory of the 
Acoustical Interferometer, Phys. Rev. 65, 190 (1944). See also W. H. Pielemeier, Observed 
Classical Sound Absorption in Air, J. Acoust. Soc. Am. 17, 24-28 (1945). 
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Some experimental values by Knudsen and Harris 1 for the total attenuation a a at 
room temperature and for various values of relative humidity are given in Fig. 3d-3. 

An empirical equation, which describes the measured values of Knudsen and Harris 
with good accuracy for relative humidities above 30 per cent and at a temperature of 
20°C, is given by Cremer 2 



V 1,000/ 



I 0.28 



db/m 



20 + 4> 2 o 
where <£ 2 o is the relative humidity at 20°C and / is the frequency. For temperatures 



0.020 




20 30 40 50 60 70 80 

RELATIVE HUMIDITY IN PER CENT 

Fig. 3d-3. Measured values of the energy attenuation constant m as a function of relative 
humidity for different frequencies, I(x) = Io exp ( —mx). The temperature is assumed to 
be about 68°F. (From L. L. Beranek, "Acoustics," McGraw-Hill Book Company, Inc., 
New York, 1954: after V. O. Knudsen and C. M. Harris, Acoustical Designing in Architecture, 
p. 160, Fig. 8.10, John Wiley & Sons, Inc., New York, 1950.) 

differing slightly from 20°C, the measured value of relative humidity should be cor- 
rected to give a value. of #20 to be used in the above equation; 

</>2o = *«(1 + 0.067 At) 

where At denotes temperature departure from 20°C. The quantity cx A is 4.34m, in 
the same units of distance. 

1 V. O. Knudsen and C. M. Harris, "Acoustical Designing in Architecture," p. 160 
Fig. 8.10, John Wiley & Sons, Inc., New York, 1950. 

2 Lothar Cremer, "Die wissenschaftlichen Grundlagen der Raumakustik" (The Scien- 
tific Foundations of Room Acoustics), vol. Ill, S. Hirzel Verlag, Leipzig, 1950. 
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3e-l. Symbols and Definitions. Unless otherwise specified, cgs units are used. 

p density 

k adiabatic compressibility 

/ frequency 

co 2irf 

c speed of propagation of plane (or spherical) waves (velocity of sound), c = (1/pfc)* 

pc characteristic impedance 

a coefficient of absorption, nepers /cm 

For viscous absorption a. ~ o> 2 (2n + n')/2pc* where n = shear viscosity and 
n' = dilatational viscosity. 
ol/P absorption constant 
db/dd intensity loss in decibels if distance from source is doubled. This unit is 

usually used only when loss is due to the geometry of the sound field as in 

spherical or cylindrical waves. 

3e-2. Acoustical Comparison between Liquids and Gases. The acoustical behavior 
of liquids is fundamentally identical to that of gases, but the great differences in the 
magnitudes of the basic properties, density and compressibility, give rise to notable 
differences in the nature of practical sound fields in the two media. Thus the tech- 
niques which have been developed for the study of sound in gases cannot generally be 
applied successfully to the study of sound in liquids. 

Numerically, the characteristic impedance pc of liquids is three to four orders of 
magnitude greater than that of gases. Thus a liquid-gas interface appears as a sub- 
stantially rigid boundary to a sound in the gas but as an effective pressure-release 
surface to a sound in the liquid. Even a thin film of gas, or a multiplicity of gaseous 
bubbles, generally prevents the existence of appreciable sound pressure in the neighbor- 
ing liquid. 

The compliance of solid boundaries is usually negligible compared with the com- 
pressibility of gases but is usually appreciable compared with the compressibility of 
liquids. Thus the simple types of sound field which are readily obtained in a gaseous 
medium by virtue of effectively rigid boundaries are .extremely difficult to realize in a 
liquid medium. Types of sound fields from which acoustical properties of liquids can 
be determined have usually been obtained in the laboratory at high frequencies. 
Most of the published data on such properties were obtained in the megacycle fre- 
quency region. 

3e-3. Sound Transmission in Large Bodies of Water. Sound transmission at sea 
is influenced largely by three factors: the geometry of the sound field, the nature of the 
upper and lower boundaries, and refraction. At short ranges, if source and receiver 
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are at sufficient depths, spherical spreading of sonic energy is approximated and the 
intensity varies nearly as the inverse square of the range (6 db/dd). At long ranges, 
the field roughly approximates a two-dimensional continuum producing cylindrical 
spreading whereby the intensity tends to vary as the inverse first power of the range 
(3 db/dd) . There is an intermediate range in which the controlling factor may be the 
interference between the direct sound and the sound reflected from the surface. For 
sinusoidal sound this interference produces the Lloyd-mirror effect. For broad bands 
the intensity tends to vary as the inverse fourth power of the range (12 db/dd). 

These trends have been observed. They are dependent on such factors as source 
depth, receiver depth, depth of water, smoothness of surface, smoothness and reflec- 
tivity of bottom, frequency spectrum, and directivities of transducers. The trends 
are modified— sometimes completely masked— by the effects of refraction. 

Refraction is caused by gradients in temperature, salinity, density, and currents. 
A major effect is a nonuniform distribution of sonic energy, frequently resulting in 
shadow zones and skip distances. At times sound channels are formed, i.e., layers 
within which the sound is trapped by virtue, for example, of downward refraction near 
the surface due to a temperature gradient and upward refraction in deeper water due 
to the density gradient. 

Reverberation in water is produced by the scattering of sound by minute particles 
of suspended matter, marine life, and other inhomogeneities. Reverberation due to 
that portion of the sound which is scattered by the top and bottom surfaces is some- 
times called "surface reverberation." 

3e-4. Cavitation. The American Standard Acoustical Terminology gives the 
definition (Z24.1, 9.035) : " Cavitation is the formation of local cavities in a liquid as a 
result of the reduction of total pressure." Cavitation may occur as the result of a 
sound-wave rarefaction, such as is produced in the negative pressure cycle of an under- 
water transmitting transducer, or as the result of the reduction of pressure due to 
hydrodynamic flow, such as is produced by the movement at high speed of a propeller 
underwater. Broad-band noise is generated by cavitation ; a large amount of evidence 
indicates that this noise is associated with the collapse of cavitation bubbles. In 
many instances the noise of cavitation has been observed to begin before the cavitation 
bubbles have been visible to the unaided eye. 

In shallow water depths, since atmospheric pressure corresponds to but a low 
hydraulic head in liquids, cavitation may occur at moderate sound intensities. 
Numerically, at a static pressure of N atm, the intensity of a sinusoidal plane (or 
spherical) wave in water at which the total pressure becomes zero at a negative peak 
is J ~ N 2 /Z watts/cm 2 . 

The observed cavitation threshold corresponds in many cases to a substantial nega- 
tive pressure, usually reported to have a very variable value. Many degassed liquids 
show a tensile strength of the order of an atmosphere. Over very short time intervals 
this figure is much higher. The threshold of acoustically produced cavitation thus 
depends on the frequency. It also depends on gas content, ion content, and suspended 
matter (all cavity-producing nuclei), temperature, viscosity, cleanliness of the con- 
tainer, and the past history of the liquid. 

Since cavitation bubbles reduce the sound that is radiated by a transducer, trans- 
former oils and castor oil, which do not cavitate readily, are sometimes used to trans- 
mit sound from the transducer face to)in outer radiating surface at which the intensity 
has been spreduced by reading. 

3e-5. Dispersion. There is no firm evidence that the speed of propagation of sound 
in a simple liquid is dependent on frequency. 

3e-6. Water and Aqueous Solutions. Table 3e-l, taken from the American 
Standards Association Acoustical Terminology (Z24.1-1951, Table 9.1), gives various 
properties of fresh and sea water under representative water conditions. 
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Salinity (parts per 
1,000) 



Temp., °C. 

Velocity, m/sec. . . 

Density g/cm 3 . . . 

Characteristic im- 
pedance X 10~ 6 
(cgs units) 



Fresh water 



4 

1,418.3 

1.00000 



1.41g3 



25 

1,493.2 

0.99707 



1.4888 



Sea water 



30 



5 

1,461.0 

1.02375 



1.4957 



20 

1,513.2 

1.02099 



1.5450 



36 



15 

1,505.0 

1.02677 



1.5453 



Hydrostatic pressure increases the velocity by 0.018 m/second per meter of depth, 
the density by approximately 0.0000045 g/cm' per meter of depth. 



25 

1,532.8 

1.02412 



1.5698 



It also increases 



The velocities listed in Table 3e-l are from Kuwaharara's tables, * More recent 
measurements indicate that the velocity in sea water is 3 to 4 m/sec higher.* 

Up to 1,000 Mc, no measurable effect of frequency on velocity has been found. 

The attenuation in the pressure amplitude of a plane progressive wave is expressed 
by p(x) = p e <**. The theoretical value of a (Stokes-Kirchhoff) for viscous absorp- 
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Fig. 3e-l. Theoretical absorption in water as a function of temperature. 



{After Hall.) 



tion depends on/*. The measured value of a /p = 21.5 X 10"" cm"* reported by Fox 
and Rock* for water has generally* been found to hold within experimental limits at 
room temperature over a very wide range of frequencies. This number has been 

1 Kuwahara, Hydrographic Rev. 16, 123 (1939). 

2 Weissler and Del Grosso, J. Acoust. Soc. Am. 23, 219 (1951). 

3 Fox and Rock, J. Acoust. Soc. Am. 12, 505 (1941). 

« Measured values have, however, been reported over 1,000 times greater than these 
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shown by Hall 1 to correspond to the Stokes-Kirchhoff expression if bulk (dilatational) 
viscosity as well as shear viscosity is taken into account. 

Hall's analysis includes the theoretical effect of temperature on attenuation. The 
values plotted in Fig. 3e-l have been verified by several experiments. 

Absorption in organic liquids shows no observable relation to the viscosity. The 
increments in sound velocity due to dissolved salts at the low concentrations found in 
sea water are found to be proportional to the molar concentration for each salt and 
to be additive (see Fig. 3e-2) for a number of salts. 




1500 



0.1 0.2 0.3 0.4 

CONCENTRATION IN MOLES/LITER 



0.5 



SUBOW'S SEA WATER 



SALT 

NaCi 

MgS0 4 

MgCi 2 

CaCi„ 



*2 

KCi 

NaHC0 3 
NoBr 



CONC. (MOLAR) 

0.4649 

0.0281 

0.0263 

0.0105 

0.0100 

0.0025 

0.0008 



Ac (VELOCITY INCREMENT) 
28.2 



SUBOW'S WATER 
OBSERVED 



1545.8 m/S 



SAME, CALCULATED 

BY SUMMATION - 1546. 2 m/* 



{After Weissler and Del Grosso.) 



3.4 

2.9 

.0.9 

0.6 

02 

0.0 

£=36.2 

Fig. 3e-2. Effect of dissolved salts on sound velocity 

The effect on absorption of dissolved solids frequently exhibits relaxation phe- 
nomena. The absorption in sea water at frequencies above 1 Mc is substantially that 
in fresh water. Below 70 kc the observed value of a is about 10 times greater in sea 
water. In the transition region from 70 to 1,000 kc, a is not proportional to / 2 (see 
Fig. 3e-3). This additional attenuation has been variously attributed to the high 
concentration (and hence partial dissociation) of NaCl and to the presence of MgS0 4 . 2 

Figure 3e-3 indicates the observed values of absorption in sea water in the transition 

range. 

Sound velocity and absorption in liquid mixtures exhibit two distinct types of 
behavior. Mixtures of organic liquids tend to have values for c and for « which vary 
unidirectionally (not necessarily uniformly) with the relative proportions of the 

i Hall Phys. Rev. 73, 775 (1948) . 

2 Liebermann, J. Acoust. Soc. Am. 20, 868 1948). 
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FREQUENCY IN CYCLES PER SECOND 
Fig. 3e-3. Sound absorption coefficients for sea water and fresh water. 
To convert to decibels per kiloyard, multiply 2a by 3.97 X 10 5 . 



{After Liebermann.) 



Table 3e-2. Velocity under 1,100 m/sec. Listing in Order of 
Increasing Velocity 



Material 


Formula 


Density 


Velocity, 
m/sec 


Temp., °C 


pc X 10" 5 
cgs 


Ethyl bromide. 


C 2 H 6 Br 

CC1 4 

CHBr 3 

C 4 H 9 I 

CH.2Br2 

CH2I2 

C4H9CI 

CHC1 3 

C2H.2Br4 

C2xi4Br2 

C 4 H9Br 

02H.2v>l2 

C5H12 

CsHsCI 


1.428 

1.596 

2.889 

1.616 

2.453 

3.323 

0.84 

1.487 

2.962 

2,178 

1.272 

1.262 

0.632 

0.937 


892 

928.5 

929 

959 

971 

977 

985 
1,001 
1,007 
1,014 
1,016 
1,025 
1,052 
1,088 


28 

23 

23.5 

28 

24 

24 

25 

23.5 

28 

24 

28 

25 

18 

28 


1 27 


Carbon tetrachloride. . '." . f . 
Bromof orm 


1.48 
2.68 
1.55 
2.38 
3.25 
83 


Butyl iodide (n) 


Methylene bromide. 

Methylene iodide 


Butyl chloride 


Chloroform 

Acetyl tetrabromide. 

Ethylene bromide. 


1.49 
2.98 
2 21 


Butyl bromide (n) 

Acetylene dichloride 

Pentane 


1.29 
1.29 
66 


Allyl chloride 


1 02 











liquids. Solutions of organic liquids in water tend to show peaks in both c and a at 
some concentration. The velocity peaks are typically 5 to 10 per cent higher than 
that in either pure liquid, but the attenuation peak may show an increase of an order 
of magnitude over that of the organic liquid. 1 

Gases in actual solution in water are generally reported to have negligible effect on 
sound velocity and absorption. 

1 Willard, J. Acoust. Soc. Am. 12, 438 (1941) ; Willis, J. Acoust. Soc. Am. 19, 242 (1947) ; 
Burton, J. Acoust. Soc. Am. 20, 186 (1948). 
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Table 3e-3. Velocity over 1,600 m/sec. Listing in Order of 
Decreasing Velocity 



Material 



Glycerin 

Ethylene glycol 

Aniline 

Toluidine 

Quinoline. 

Resorcin monomethyl ether 

Cyclohexanol 

Formamide 



Formula 



C3H.8O3 
C2H.6O2 
C 6 H 7 N 
C 7 H 9 N 
C9H7N 
C7H8O2 
C6H12O 
CH3NO 



Density 



1.260 
1.103 
1.018 
0.994 
1.090 
1.145 
0.946 
1.13 



Velocity, 
m/sec 



1,986 
1,721 
1,682 
1,669 
1,643 
1,629 
1,622 
1,610 



Temp., °C 



22 

24 

24 

22. 

22 

26 

23. 

25 



P c X 10- 5 
cgs 



2.50 
1.90 
1.71 
1.66 
1.79 
1.86 
1.53 
1.82 



Table 3e-4. Saturated Hydrocarbons and Alcohols; Acetates 




A. Saturated Hydrocarbons 



Pentane . 
Hexane . 
Heptane 
Octane. . 

Methyl. 
Ethyl. . . 
Propyl. . 
Butyl... 
Amyl. . . 

Methyl. 
Ethyl... 
Propyl. . 
Butyl. . . 
Amyl. . . 




0.622 
0.658 
0.681 
0.702 



1,052 
1,113 
1,165 
1,238 



0.65 
0.73 
0.79 
0.87 



B. Saturated Alcohols 



CH3OH 

C 2 H 6 OH 

C3H7OH 

C4H9OH 

C5H11OH 



0.792 
0.786 
0.801 
0.808 
0.813 




0.89 
0.95 
0.99 
1.06 
1.09 



C. Acetates 



CH3COOCH3 

CH3COOC2H6 

CH 3 COOC 3 H 7 

CH3COOC4H9 

CH3COOC5H11 



0.928 
0.898 
0.891 
0.871 
0.875 




.12 
.07 
.05 
.03 
.02 



Gas bubbles in water are known to have a marked effect on both velocity and 
absorption. 1 The effect of air mixed in the surface water at sea by virtue of "white 
caps " has been found to persist after 48 hr of calm. Underwater sound measurements 
in the laboratory may be affected for many days by the air released from solution in 
tap water if not degassed. 

3e-7. Acoustical Properties of Organic Liquids. The sound velocity in pure 
organic liquids covers little more than a 2:1 range; the lowest reported is for ethyl 
bromide (892 m/sec) and the highest is for glycerin (1,986 m/sec). With few excep- 

1 A. B. Wood, "A Textbook of Sound," The Macmillan Company, New York, 1941; 
D. T. Laird and P. M. Kendis, J. Acoust. Soc. Am. 24, 29 (1952). 
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Table 3e-5. Absolute Values of the Absorption Constant for a Number 
of Organic Liquids. Listing in Order of Decreasing Absorption , 
(Temperature between 23 and 27 °C) 



Material 



Carbon disulfide. 

Glycerol. .'. 

2, 3-Butanediol 

Benzene 

Carbon tetrachloride. 

Cyclohexanol 

Acetylene dichloride. 

Chloroform 

3-Methyl cyclohexa- 
nol resid 

£-Amyl alcohol 

Mesityl oxide 

Bromof orm 

2-Butyl chloride 

Chlorobenzene ...... 

Turpentine 

Isopentane. 

d-Fenchone 

Ethyl ether 

Dioxane 

Alkazene 13 

Kerosene 

Methyl acetate 

Ethyl acetate 

Naphtha 

Toluol 

Nitrobenzene 

1, 3-Dichloro-isobu 
tane 

Nitromethane 

Ethyl alcohol 

Methyl alcohol 

Acetonitrile 

ra-Xylol 

Acetone 

Alkazene 25 

Formamide 

2, 5-Hexanedione . . . 
Water (distilled) . . . 
Mercury 



Formula 



CS 2 

C3I18O3 

C4H10O2 

CeHe 

CCI4 

C6XI12O 

O2H2CI2 

CHC1 3 

C 7 H 14 
C 5 Hi 2 
CcHioO 
CHBr 3 
C 4 H 9 C1 
C 6 H 5 C1 

C5H12 

C10H16O 

C 4 H 10 O 

C4H8O2 

C15H24 

C3H6O2 
C4H8O2 

C7H8 
C 6 H 5 N0 2 

C4H8CI2 

CH3NO2 

C 2 H 6 

CH4O 

CH 3 CN 

CsHio 

C 3 H 6 

O10H12OI2 

CH3NO 

C6H10O2 

H 2 

Hg* 



Absorption 
«// 2 X 10 15 



74 
26 
20 

8.3(9.15) 

5.7 

5.0 

4.0 

3.8(4.74) 



.5 

.3 

.3 

.3 

.9 

.7 

.5 
1.5 
1.4 

1.4(0.55) 
1.3 



Density 



1.26 
1.26 
1.05 
0.87 
1.59 
0.96 
1.26 
1.49 

0.92 
0.81 
0.85 
2.89 
0.84 
1.10 
0.88 
0.62 
0.94 
0.71 
1.03 



Velocity, 
m/sec 



1.3 


0.86 


1.1 


0.81 


1.09 


0.93 


1.1(0.77) 


0.90 


1.0 


0.76 


0.9(0.85) 


0.86 


0.9 


1.20 


0.9 


1.14 


0.9 


1.13 


0.9 


0.79 


0.9 


0.79 


0.8 


0.78 


0.78(0.74) 


0.86 


0.64(0.32) 


0.79 


0.6 


1.20 


0.57 


1.13 


0.50 


0.96 


0.33(0.25) 


1.00 


0.66 





1 , 149 
1,986 

1,295(1,310) 
930(928) 

1,622 

1,025 

995(1,001) 

1,400 
1,204 
1,310 

908(929) 

985 
1,302 
1,255 

985 
1,320 

985 
1,380 
1,310 
1,315 
1,211 

1,145(1,187) 
1,225 

1,300(1,320) 
1,490 

1,230 

1,335 

1,150 

1,105(1,130) 

1,280(1,275) 

1,325(1,328) 

1,170(1,203) 

1,300 

1,610 

1,400 

1,500(1,494) 

1,450 



pc X 10- 5 
cgs 



1 .45 
2.50 

1.13 
1.48 
1.56 
1.29 
1.48 

1.29 

0.975 

1.11 

2.62 

0.83 

1.43 

1.10 

0.61 

1.24 

0.70 

1.42 

1.13 

1.06 

1.13 

1.03 

0.93 

1.12 

1.79 

1.40 

1.51 

0.91 

0.87 

1.00 

1.14 

0.925 

1.56 

1.82 

1.34 

1.50 



* Ring, Fitzgerald, and Hurdle, Phys. Rev., 72, 87 (1947). 
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tions, the range is from 1,000 to 1,500 m/sec. (It is a matter of interest that mercury 
also falls in this range, 1,450 m/sec.) 

In contrast, the absorption constant «// 2 varies over a wide range, about 300:1. 
Numerically the highest reported absorption constant for a simple liquid is about one 
order of magnitude lower than that for dry air. 

The characteristic impedances of organic liquids P c are distributed over the range 
from about 60,000 to 180,000 cgs units. Carbon tetrachloride with the P c value of 
148,000 and sound velocity of 930 m/sec is well suited for acoustic lenses in water in 
that the characteristic impedances are nearly matched and the velocity ratio is 
reasonably high, about 62:100. 

The values of the properties of organic liquids reported from different sources are 
seldom in agreement within experimental errors. The discrepancies are presumably 
due to slight impurities; in the few cases in which mixtures have been investigated large 
effects from small concentrations have been observed. 

The liquids which have been selected for tabulation are: 

1. Liquids having sound velocities outside the range 1,100 to 1,600 m/sec. 

2. Liquids in certain chemical groups 

3. Liquids for which absorption data have been reported 

The data for Tables 3e-2, 3e-3, and 3e-4 were taken from Bergman's " Ultrasonics,' ' 
and for Table 3e-3 from an article by Willard. 1 It will be noted that all the organic 
liquids (except pentane) which have a sound velocity less than 1,100 m/sec are halogen 
compounds. Table 3e-2 shows that there are consistent trends within eachgroup but 
inconsistent trends between groups. ' u ' 

In Table 3e-5 the absolute values of the absorption constant may be in. error by a 
factor of 1.5. The relative values for liquids having nearly like properties (a// 2 and c) 
should be correct within 10 per cent. 



3f. Acoustic Properties of Solids 

W. P. MASON 

Bell Telephone Laboratories, Inc. 



Sf-1. Elastic Constants, Densities, Velocities, and Impedances. Solids are used 
for conducting acoustic waves in such devices as delay lines useful for storing informa- 
tion, and as resonating devices for controlling and selecting frequencies. Acoustic- 
wave propagation in solids has been used to determine the elastic constants of single 
crystals and polycrystalline materials. Changes in velocity with frequency and 
changes in attenuation with frequency have been used to analyze various intergram, 
interdomain, and imperfection motions as discussed in Sec. 3f-2. 

In an infinite isotropic solid and also in a finite solid for which the wave front is a 
large number of wavelengths, plane and nearly plane longitudinal and shear waves can 

1G. W. Willard, J, Acoust. Soc. Am. 12, 438 (1941). 
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exist which have the velocities 



Xn - 


- pV 2 


X12 


X12 




X22 


X13 




X23 



= (3f-3) 



*W = \ A + ^ fshear = \- (3M) 

where p. and X are the two Lame elastic moduli, p is the shearing modulus, and X + 2/x 
has been called the plate modulus. For a rod whose diameter is a small fraction of a 
wavelength, extensional and torsional waves can be propagated with velocities 

t>ext = \— ~ Vtor = \/- 

where F„ = „ ( 3 -£±|?) (3f-2) 

For anisotropic media, three waves will, in general, be propagated, but it is only in 
special cases that the particle motions will be normal and perpendicular to the direction 
of propagation. The three velocities satisfy an equation 1 

X13 

pv 2 X23 

X33 — pv 2 

where p is the density, v the velocity, and the X's are related to the elastic constants of 
the crystal by the formulas 

Xn = l 2 cn + m 2 c 6 6 + n 2 c 56 + 2mnc 56 + 2nlc u + 2Zraci 6 

X12 = Z 2 ci6 + m 2 c 26 + n 2 c 4! > + mn(c 4 « + c 25 ) + nl(c u + c 6 e) + lm(c u + c 66 ) 

X13 = l 2 c u + ra 2 c 46 + n 2 c 33 + mn(c« + c 36 ) + nZ(ci 3 + c 55 ) + lm(c u + c 56 ) 

X 23 = Z 2 c 56 + rri 2 c 24 + n 2 c 34 + mn(c 44 + c 23 ) + nl{c^ + c Ab )lm(c 2 ^ + c 46 ) ^ ' 

X22 = ^ 2 c 6 6 + ra 2 c 2 2 + w 2 c 44 + 2ranc 2 4 + 2nZc 4 e + 2lmc 2 6 

X33 .= l 2 c &6 -f m 2 c 4 4 + n 2 c 8 3 + 2ranc 3 4 + 2nlc u + 2/mc 4 B 

In these formulas en to c 6 e are the 21 elastic constants and I, m, n the direction 
cosines of the direction of propagation with respect to the crystallographic x, y, and z 
axes which are related to the a, 6, c crystallographic axes as discussed in an IRE 
publication. 2 

In Eq. (3f-3), we solve for the quantity pv 2 . It was shown by Christoffel 2 that the 
direction cosines for the particle motion £, i.e., «, 0, 7, are related to the X constants 
and a solution of pv 2 by the equations 

«Xn + 0Xi2 + 7X13 = otpVi 2 aXi 2 + 0X 22 H- 7X23 = PpVi 2 «Xi3 + £X 2 3 + 7X33 = ypVi 2 

(3f-5) 

where i = 1, 2, 3. Hence, solutions of Eq. (3f-3) are related to particle motions by 
the equations of (3f-5). 

Most metals crystallize in the cubic and hexagonal systems. Furthermore, when 
a metal is produced by rolling, an alignment of grains occurs such that the rolling 
direction is a unique axis. This type of symmetry, known as transverse isotropy, 
results in the same set of constants as that for hexagonal symmetry. For cubic 
crystals, the resulting elastic constants are 

Cll = C 22 = C33 C12 =7 C13 = C 2 3 C44 = C55 = c 66 (3f-6) 

while for hexagonal symmetry or transverse isotropy, the resulting elastic constants 
are 

en = c 22 C12 C13 = c 23 C44 = c 66 C66 = C " ~ ° 12 (3f-7) 

iLove, "Theory of Elasticity," 4th ed, p. 298, Cambridge University Press, New York. 

1934. ^ 

2 Standards on Piezoelectric Crystals, Proc. IRE 37 (12), 1378-1395 (December, 1949). 



3-76 ACOUSTICS 

For cubic symmetry, the waves transmitted along the [100] direction and the [110] 
direction have purely longitudinal and shear components with the elastic-constant 
values and particle direction £ given by 
[100] direction 

»long = \j— £ along [100] t> 8 hear = \^ 

~ p P 

£ along any direction in the [100] plane 
[110] direction 

*W = V Cll+C 2 P +2C44 « al ° ng [110] 

Vi .hear = ^— £ along [001] *> 2 shear = f" " ^ 

£ along [lTO] 

For hexagonal or transverse isotropy, waves transmitted along the unique axis and 
any axis perpendicular to this will have the values 
[001] direction 

!*». - \/— € alon g l 001 ! " shear = V— 
' p p 

£ along any direction in the [001] plane 

[100] direction 

»lon g = \/— * alOI1 g [ 100 1 ^ 8hear " \ ^ 

* p P 

£ along [001] v 2 shear = \ Cn ~ Cl2 £ along [010] 

The fifth constant is measured by transmitting a wave 45 deg between the [100] and 
[001] directions, i.e., I = n = l/\/2; ^ = 0.. For this case 

Cn + C 4 4 A x A a _ Cl8 + C44 . _ Cn - C i2 + 2c 4 4 

X u = _ii-^ X12 = X 23 = Xi3 = 2 * 22 4 

X 3 3^£ll^ (3f-8) 

The three solutions of Eq. (3f-3) are 

9 Cu — Cl2 + 2C44 
pVl 2 = j 

9 [(cn + c 33 -f 2c 44 )/2] ± V[(cn - c 33 )/2] 2 + (ci, + C44) 2 ,„. on 

p y 2f3 2 sr — 2 ^ 1-t V 

For these three velocities, the particle velocities have the direction cosines 
For »i, = 1 

For v *> « = 7 {2&TO + V 1 + [2(^3 Vol)]} (3M0) 

Hence; unless cn is nearly equal to C33, a longitudinal or shear crystal will generate both 
types of waves. Experimentally, however, it is found that a good discrimination can 
be obtained against the type of wave that is not primarily generated and a single 
velocity can be measured. A resonance technique can also be used to evaluate all the 
elastic constants of a crystalline material. 
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Table 3f-l. Densities of Glasses, Plastics, and Metals in 

POLYCRYSTALLINE AND CRYSTALLINE FORM (X-RAY DENSITIES 

for Crystals)* 
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Materials 



Aluminum 

Hard-drawn 

Crystal 

Aluminum and copper. 



Composition 



Beryllium. 

Crystal. 
Brass: 

Yellow. . 

Red 

White. . . 
Bronze 



Chromium. . . . 

Crystal 

Cobalt 

Crystal 

Constantine. . . 
Copper 

Crystal 

Duralumin. . . . 
Germanium. . . 

Crystal 

German silver. 



Gold 

Crystal . 

Indium 

Crystal 

Invar 

Iron 

Crystal 

Lead 

Crystal 

Lead and tin. 



10 Al, 90 Cu 
5 Al, 95 Cu 
3 Al, 97 Cu 



70 Cu, 
90 Cu, 
50 Cu, 
90 Cu, 
85 Cu, 
80 Cu, 
75 Cu, 



30 Zn 
10 Zn 
50 Zn 
10 Sn 
15 Sn 
20 Sn 
25 Sn 



60 Cu, 40 Ni 



17ST - 4Cu, 0.5Mg,0.5Mn 



26.3 Cu, 36.6 Zn, 36.8 Ni 
52 Cu, 26 Zn, 22 Ni 
59 Cu, 30 Zn, 11 Ni 
63 Cu, 30 Zn, 6 Ni 



63.8 Fe, 36 Ni, 0.20 C 



87.5 Pb, 12.5 Sn 
84 Pb, 16 Sn 
72.8 Pb, 22.2 Sn 
63.7 Pb, 36.3 Sn 
46.7 Pb, 53.3 Sn 
30.5 Pb, 69.5 Sn 



Temp., 
°C 



20 
25 



20 
18 



20 
18 
21 



18 



20 



20 



20 
20 
20 
18 



Density, 

kg/m 3 X 10* 

or 

g/cm* 



2.695 

2.697 

7.69 

8.37 

8.69 

1.87 

1.871 

8.5-8.7 

8.6 

8.2 

8.78 

8.89 

8.74 

8.83 

6.92-7.1 

7.193 

8.71 

8.788 

8.88 

8.3-8.93 

8.936 

2.79 

5.3 

5.322 

8.30 

8.45 

8.34 

8.30 

18.9-19.3 
19.32 

7.28 

7.31 

8.0 

7.6-7.85 

7.87 
11.36 
11.34 
10.6 
10.33 
10.05 

9.43 

8.73 

8.24 
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Table 3f-l. Densities of Glasses, Plastics, and Metals in 

POLYCRYSTALLINE AND CRYSTALLINE FORM (X-RAY DENSITIES 

for Crystals) (Continued) 



Materials 



Magnesium. 

Crystal 

Manganese 

Crystal 

Mercury . 

Monel metal 

Molybdenum 

Crystal 

Nickel 

Crystal, 

Phosphor bronze. . . . 
Platinum, 

Crystal. 

Silicon 

Crystal. 

Silver. 

Crystal. 

347 stainless steel. . . 
Tin.......: 

Crystal. . . 

Tungsten. 

Crystal. 

Zinc 

Crystal 

Fused silica. 

Pyrex glass (702) . . . 
Heavy silicate flint. 
Light borate crown. 

Lucite. 

Nylon 6-6... 

Polyethylene 

Polystyrene. 



Composition 



71 Ni, 27 Cu, 2 Fe 



79.7 Cu, lOSn, 9.5Sb,0.8P 



Temp. 

°C 



25 

20 

25 

25 

20 
18 
15 
25 

25 



* See also Tables 26-1 through 26-13. 



Density, 

kg/m 3 X 10 3 

or 

g/cm 3 



1.74 

1.748 

7.42 

7.517 
13.546 

8.90 
10.1 
10.19 

8.6-8.9 

8.905 
'8.8 
21.37 
21.62 

2.33 

2.332 
10.4 " 
10.49 

7.91 

7-7.3 

7.3 

18.6-19. 
19.2 

7.04-7. 

7.18 

2.2 

2.32 

3.879 

2.243 

1.182 

1.11 

0.90 

1.056 



18 



When a longitudinal or shear wave is reflected at an angle from a plane surface, both 
a longitudinal and a shear wave will in general be reflected from the surface, the angles 
of reflection and refraction satisfying SnelFs law 



sin ft 

vs 



(3f-ll) 



where a and ft are the angles of incidence and refraction with respect to a normal to the 
reflecting surface. Exceptions to this rule occur if a shear wave has its direction of 
particle displacement parallel to the reflecting surface, in which case only a pure shear 
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wave is reflected, with the angle of reflection being equal to the angle of incidence. 
Use is made of this result in constructing delay lines which can be contained in a small 
volume. When the angle of incidence is 90 deg, the transmitted wave is reflected 
without change of mode. If the transmitting medium is connected to another medium 
with different properties, the transmission and reflection factors are determined by the 
relative impedances of the two media. The impedance is given by the formula 

Z = p v = VHTp (3f-12) 

where E is the appropriate elastic stiffness and p the density. The reflection and 
transmission coefficients between medium 1 and medium 2 are given by the equations 

Tables 3f-l to 3f-4 list the densities, elastic constants, velocities, and impedances for 
a number of materials used in acoustic-wave propagation. 

3f-2. Attenuation Due to Thermal Effects, Relaxations, and Scattering. When 
sound is propagated through a solid, it suffers a conversion of mechanical energy into 
heat. While all the causes of conversion are not known, a number of them are, and 
tables for these effects are given in this section. 

3f-3. Loss Due to Heat Flow. When a sound wave is sent through a body, a com- 
pression or rarefaction occurs which heats or cools the body. This heat causes thermal 
expansions which alter slightly the elastic constants of the material. Since the com- 
pressions and rarefactions occur very rapidly, there is not time for much heat to flow 
and the elastic constants measured by sound propagation are the adiabatic constants. 
For an isotropic material, the adiabatic constants are related to the isothermal con- 
stants by the formulas 1 

, = x . + *ge ,..„. r ,_ w + t ^)-«S (3M4) 

where the superscripts a and indicate adiabatic and isothermal constants, a. is the 
linear temperature coefficient of expansion, B the bulk modulus (B =* X + -§/*), 6 the 
absolute temperature in degrees Kelvin, p the density, and C v the specific heat at con- 
stant volume. Table 3f-5 shows these quantities for a number of materials. 

The difference between X* and \ e should be taken account of when one compares the 
elastic constants measured by ultrasonic means with those measured by static means. 
From the data given in Table 3f-5, it is evident that this effect can produce errors as 
high as 10 per cent in the case of zinc. Adiabatic elastic cqnstants are measured from 
frequencies somewhat greater than those for which thermal equilibrium is established 
during the cycle to a frequency 1 / = (j>C v v 2 /2ttK) for which wave propagation again 
takes place isothermally. This frequency is approximately 10 12 cycles for most 
metals. 

When account is taken of the energy lost by heat flow between the hot and cool 
parts, this adds an attenuation for longitudinal waves equal to 

A = $r [w. ( E °e* E6 ) ] nepere/m < 3M5) 

where /is the frequency, v the velocity, K the heat conductivity, and E the appropriate 
elastic constant for the mode of propagation considered. Since Q = B/2 A, it becomes 

Q = 2fK[(E° - E°)/E*\ (3f_16) 

1 W. P. Mason, "Piezoelectric Crystals and Their Application to Ultrasonics," pp. 480- 
481, D. Van Nostrand Company, Inc., New York, 1950. 
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where Q is the ratio of 2ir times the energy stored to energy dissipated per cycle and B 
is the phase shift per unit length. Table 3f-5 shows the attenuation for a number of 
solids due to thermal loss. 

3f-4. Loss Due to Intergrain Heat Flow. A related thermal loss that occurs in 
polycrystalline material is the thermoelastic relaxation loss which arises from heat flow 
from grains that have received more compression or extension in the course of the wave 
motion than do adjacent grains. The Q from this source has been shown to be 1 



1 

Q 



C v 



R 



fof 



(3f-17) 



7o 2 +/ 2 

where R is that fraction of the total strain energy which is associated with the fluctu- 
ations of dilations, and /o, the relaxation frequency, is approximately 



/o- 



K 



_D 

Lc 2 pCpLc 



(3f-18) 



where L c is the mean diameter of the crystallites and D the diffusion constant. 
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Fig. 3f-l. Elastic constants and Q for single-crystal and polycrystal aluminum. (After Ke.) 

For most materials, the relaxation frequencies are under 100 kc. Table 3f-6 gives 
the product [(C p - C V )/C V ]R for a number of metals. 

3f-5. Loss Due to Grain Rotation. Another source of loss due to grain structure in 
metals is the loss due to the viscosity of the boundary layer between grains. This 
allows a relative rotation of grains provided the relaxation time is comparable with the 
time of the applied force. Figure 3f-l shows the elastic modulus and the associated 
Q of a polycrystalline aluminum rod in torsional vibration at a frequency of 0.8 cycle 
as compared with similar measurements for a single crystal. The relaxation time for 
grain-boundary rotation is a function of temperature according to the equation 

pH/kT (3f-19) 



t = T e n 

1 C. Zener, "Elasticity and Anelasticity of Metals,' 
Chicago, 1948. 



' p. 84, University of Chicago Press, 
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v where H, the activation energy, is of the same order as that found for creep and 
self-diffusion. 

3f-6. Loss Due to Grain Scattering of Sound. Another effect of grain structure in 
solids is a loss of energy from the main wave due to the scattering of sound when the 
sound wavelength is of the same order as the grain size. This scattering occurs 
because adjacent grains have different orientations, and a reflection of sound occurs 
because of the resulting impedance difference between grains. An approximate 
formula 1 holding when the wavelength is larger than three times the grain size, and 
multiple scattering is neglected, is 

a, = ^^f s nepers/m (3f-20) 

where L e is the average grain diameter, / the frequency, v the velocity, and S a scatter- 
ing factor related to the anisotropy of the metal. Table 3f-7 shows a relative estimate 
of the scattering factors for longitudinal and shear waves for a number of metals. 
For shorter wavelengths, the attenuation changes less rapidly with frequency, 2 and for 
wavelengths shorter than the grain size, the loss is independent of the frequency. A 
formula applicable for all wavelengths is 



*-&($) < 3f - 21) 



where Qs/ A is the ratio of the scattering area of the sphere to the actual cross-sectional 
area. For low frequencies Qs/A = ^-(ttL c /X) 4 = ^-(irL c f/v) 4 while for very high 
frequencies Qs/A — 2. Intermediate values of cross-sectional areas can be obtained 
from calculations given by Morse. 3 Because of elongations of grains in the direction of 
rolling, most materials have different scattering areas for propagation along the rolling 
axis and perpendicular to the axis. 

3f-7. Acoustic Losses in Ferromagnetic and Ferroelectric Materials. Stresses in 
ferromagnetic and ferroelectric materials can cause motion of domain walls or rotation 
of domain directions. These occur in such a manner that domains are strengthened 
in directions parallel, antiparallel, or perpendicular to the direction of the stress. The 
increased polarization in the direction of the stress produces increased strains which 
are the same sign in both parallel and antiparallel domains since magnetostriction and 
electrostriction are square-law effects and hence the elastic stiffnesses of demagnetized 
materials are less than those of completely magnetized materials. For polarizations 
directed along cube axes, the difference in elastic constants for the saturated and 
depolarized states, i.e., the AE effect, is 4 

Ed 20ttP, 2 ^ * Z) 

where n is the initial permeability or dielectric constant, X, the saturated change in 
length along a polycrystalline rod, E 8 and Ed the saturated and demagnetized elastic- 
stiffness constant and P, the saturated magnetic or electric polarization. When the 
polarization lies along a cube diagonal — as in nickel — X, is replaced by % Xiii[5c 44 / 
(fin — C12 + 3c 4 4)] where Xm is the saturated increase in length along the [111] 
direction and 5cu/(cu — C12 + 3c 4 4) is a ratio of elastic constants. 

1 Mason, op. cit., p. 422. 

2 R. B. Roney, "The Influence of Metal Grain Structure on the Attenuation of Ultra- 
sonic Waves," Thesis, California Institute of Technology, 1950. 

3 Philip M. Morse, "Vibration and Sound," 2d ed., p. 355, McGraw-Hill Book Company, 
Inc., New York, 1948. 

4 R. M. Bozorth, "Ferromagnetism," p. 691, D.* Van Nostrand Company, Inc., New 
York, 1951. 
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The motion of walls or the rotation of domains in metallic ferromagnetic materials' 
generates eddy currents and hence causes an acoustic loss. It has been shown that the 
permeability follows a relaxation equation 



(1 ~ jf/fo) 

l +/7/o 2 



(3f-23) 



where /o = 4i2/25juoL c 2 , R — resistivity, and L c = domain diameter. For a distribu- 
tion of domain sizes 



V Vi i 

M==M0 I TF 



jf/fi 



+ F/P 



(3f-24) 



where Vi is the volume occupied by domains of size Li and V the total volume. 




100 



0.001 

0.001 2 * 0.01 2 5 0.1 2 5 1.0 2 5 10 2 

FREQUENCY IN MEGACYCLES PER SECOND 

Fig. 3f-2. Decrement and AE effect for polycrystal nickel rod as a function of frequency. 
(After Bozorth, Mason, and McSkimin; Johnson rnd Rogers; and Levy and Truell.) 



Inserting in Eq. (3f-22) the AE/Ed and Q are given by 



AE 
Ed 



9\s 2 E 8 
207rP, 






1 9X 8 ^ 8 [V (Vi/V)(f/fi) -] 
Q 20tcP* lit 1 + (f/fi)* J 



(3f-25) 



Figure 3f-2 shows measurements of the AE effect and the decrement 5 = ir/Q plotted 
over a frequency range, for a poly crystalline nickel rod. 

Another effect causing losses in ferromagnetic and ferroelectric materials is the 
microhysteresis effect. In this effect the domain walls or domain rotations lag behind 
the applied stress and produce a hysteresis loop. Hence the initial susceptibility has 
a hysteresis component which is a function of the amount of stress. Average values 
of the parameters can be written in the form 



M - Mo[l - jfU)] 



(3f-26) 



where /(A) is a function of the amplitide. Inserting this value of n in Eq. (3f-22), the 
value of the microhysteresis loss is given. This type of loss is present in ferroelectric 
materials and is the principal cause of the low mechanical Q. 
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3f-8. Other Types of Losses. In addition to these recognized types of losses, other 
types exist which have not been accounted for quantitatively. Figure 3f-3 shows the 
Q of a number of materials measured in a frequency range for strains under 10 -5 . 1 
Except for nickel and iron rods whose decrease in Q with frequency is accounted for by 
microeddy-current effects, the materials have a Q independent of frequency. It has 



1000 




10* I0 a 

FREQUENCY IN CYCLES PER SECOND 
Fig. 3f-3. Values of Yo/Q and ju/Q as a function of frequency for a number of polycrystalline 
materials. (After Wegel and Walther.) 

been suggested that these losses are caused by elastic-hysteresis effects due to cyclic 
displacements of dislocations in the body or grain boundaries of metals. Some 
evidence 2 for this is shown in Fig. 3f-4, which shows the Q of a copper rod as a function 
of temperature and degree of annealing. Losses in annealed specimens having smaller 
numbers of dislocations are smaller than those in cold-worked specimens. At low 

1 R. L. Wegel and H. Walter, Physics 6, 141 (1935). 

2 P. G. Bordoni, Assorbimento degli Ultrasuoni nei solidi, Nuovo cimento 7 (2), 144 
(1950). 
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Fig. 3f-4. Attenuation peak in polycrystalline and single-crystal copper. (After Bordoni.) 
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4 6 8 

STRAIN AMPLITUDE 
Fig. 3f-5. Decrement as a function of amplitude in a copper single crystal. (After Nowick.) 

temperatures, a relaxation of dislocation motions appears to occur. Other work 1 
shows that losses increase as a function of the amplitude, as shown by Fig. 3f-5. 
These losses have an activation energy similar to that shown by Fig. 3f-4 and are in- 
creased by cold work. 

i A. S. Nowick, Phys. Rev. 80, 249 (1950). 



3g. Properties of Transducer Materials 

W. P. MASON 
Bell Telephone Laboratories, Inc. 



To determine the acoustic properties of gases, liquids, and solids and to utilize them 
in acoustic systems, it is necessary to generate the appropriate waves by means of 
transducer materials which convert electrical energy into mechanical energy and vice 
versa. For liquids and solids, the most common types of materials are piezoelectric 
crystals, ferroelectric materials of the barium titanate type, and magnetostrictive 
materials. 

3g-l. Piezoelectric Crystals. The static relations for a piezoelectric quartz crystal 
producing a single longitudinal mode are for rationalized mks units 

S 2 = S 22 E T 2 + d 21 E x D x = d 2l T 2 + ei T E* (3g-l) 

where S 2 and T 2 are the longitudinal strain and stress, respectively, s 22 E the elastic 
compliance along the length measured at constant electric field, d 2i the piezoelectric 
constant relating the strain with the applied field E x , D x the electric displacement, 
and ei T the dielectric constant measured at constant stress. Equations of this type 
suffice to determine the static and low-frequency behavior of piezoelectric crystals. 
Using the first equation, one finds that the increase in length for no external stress and 
the external force for no increase in length are, respectively, 

AZ = d 21 ^; F = T 2 tw = -dn~ (3g-2) 

where V is the applied potential, Z, w, and t are the length, width, and thickness of the 
crystal, and F is the force which is considered positive for an extensional stress. From 
the second equation one finds that the open-circuit voltage and the short-circuited 
charge for a given applied force are, respectively, 

Another important criterion for transducer use is the electromechanical-coupling 
factor k whose square is defined as the ratio of the energy stored in mechanical form 
to the total input electrical energy. Using Eqs. (3g-l), this can be shown to be 

(3g-4) 

It is readily shown that the clamped dielectric constant e s , obtained by setting 
>S 2 — 0, and the constant-displacement elastic compliance s D , obtained by setting 
D x = 0, are related to the constant-stress dielectric constant e T and the constant-field 
elastic compliance s 2 2^ by the equations 
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Equivalent circuits in which the properties of the crystal are expressed in terms of 
equivalent electrical elements are often useful (see Sees. 31 and 3m). An equivalent 
circuit for a piezoelectric crystal for static conditions is shown by Fig. 3g-lA. In this 
network the compliance Ci == 8*1*1 /wt represents the compliance of the crystal with 
the electrodes short-circuited, the capacitance Co is the capacitance of the clamped 
crystal, i.e., C = lwei s /t, while the transformer shown is a perfect transformer, i.e., a 
transformer having no loss between zero frequency and the highest frequency for 
which the piezoelectric effect is operative, having a turns ratio of ^ to 1 where 

*>=-<*" (3g-6) 

The fact that this equivalent circuit presents the same information as Eq. (3g-l) is 
readily verified by substitution and integration over the area of the crystal. 



- d 2lW 
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'■%* 



M = 



wJftP 




Fig. 3g-l. Equivalent circuit for a piezoelectric crystal for clamped and free conditions. 

As an example of the use of such a network, one can calculate from it the efficiency 
of transformation of mechanical to electrical energy, or vice versa, under various 
conditions. Suppose that we clamp one end of the crystal and apply a force through 
the sending-end mechanical resistance Rm and receive the power generated into an 
electrical resistance R E . Solving the network equations and obtaining the conditions 
for maximum power output, it is readily shown that the maximum power is obtained 
if 

Rm = 



Re — 



vT 



/b 2 



(3g-7) 



cod Vl - fc 2 "" wCo 

where * = 2tt times the frequency /. With these values the power in the termination 

is 



Po = 



4:<p 2 R E 



(3g-8) 
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The available power that can be obtained from a source having an open-circuit force F 
with an internal impedance R M is maximum when <p 2 R E = Rm . This power is then 

^* = V^ . (3g - 9) 

and hence the power-conversion efficiency is 

Pe = & 4 (3g-10) 

Hence, unless the coupling is high, the efficiency of conversion by static means is low. 
This efficiency can be improved by resonating the capacity Co by an electric coil 
L at the frequency of operation and can be further improved by mechanically reso- 
nating the static compliance of the crystal. The simplest way to analyze these 
circuits for their optimum conditions is to observe that, if the perfect transformer is 
moved to the end of the circuit, both equivalent sections are half sections of well- 
known niters. Equation (3g-ll) gives the element values of the first filter resonated 
by an electrical coil, while Eq. (3g-14) gives the element values for the section tuned 
on both ends. 

, __ s<j 2 E l f d 2 iw \ 2 _ Iw c^i 2 _ /1 + h _ 1 
1 - wt \s22V t 7v? " 2t/i/jZJ ~ 4wfiZ ' 

_ fho _ /1 / t 

°" t " 2*/ 2 (/ 2 - /oz; ~ 2x(/ 2 2 - /!»)z (3g " n) 

L = (/2 ~ /l)Z « = W - h 2 )Zo 
° 2tt/i/ 2 2*/ 1 / 2 2 

where /1 is the lower cutoff, / 2 the upper cutoff, Z the mid-shunt impedance occurring 
on the electrical side, and Z' Q the mid-series impedance occurring on the mechanical 
side. Solving for f h / 2 , Z , and Z' {<p 2 ), i.e., the actual mechanical resistance, we find 

u = 1 • = vr^~fc 2 

2r.V5A 1 2tt VXoCo ° 

(3g-12) 

Hence, if there is no dissipation in the elements of the crystal, perfect power conversion 
can be obtained but only over a bandwidth of 



1 -fcl 
Ua - we. 




Rm — <p 2 Z Q = 


1 + Vl - A; 2 

2wfl(lS22 E /tw) 



ft-fl 



= 1 - Vl - fc 2 (3g-13) 



h 

The other section of Fig. 3g-2 is a wider bandpass filter having the element values 

1 i s 22 * ZrfJzZo Ul w\ dn J 2x(/ 2 - /,) 

_ <*fo _ 1 T (J, -/,)Z. ,„ , .. 

C °--T- arv.-zoz. Lo - a*/, (3g " 14) 

Solving for the bandwidth and the impedances 

h-h _ k rf-f - 1 

/- " Vf=T» /,n " V/,/2 " 

z " - B * - -i^J 2 B * = ***• - vf=^ 2^? f < 3 «- 15) 

This filter section can efficiently transform mechanical into electrical energy and vice 
versa with a loss determined only by the dissipation in the elements of the crystal. 
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The simplest method for mechanically resonating the crystal is to use it near its 
natural mechanical resonance. An exact equivalent circuit for a vibrating crystal is 
shown by Fig. 3g-l#. Near the first resonant frequency, the equivalent circuit for a 
clamped quarter-wave crystal is shown by Fig. 3g-lC while the equivalent circuit for a 
half -wave crystal is shown by Fig. 3g-lD. When the half-wave crystal resonated by 
a shunt coil is applied to converting electrical into mechanical energy, the same 
formulas given in Eqs. (3g-14) and (3g-15) and applicable except that k 2 /(l - k 2 ) is 
replaced by (8/tt 2 )[A; 2 /(1 - k 2 )]. By using the complete representation of Fig. 3g-l£ 
the effect can be calculated by using various backing plates on the radiation from the 
front surface. 

The general form of Eq. (3g-l) holds for any single mode whether it is longitudinal 
or transverse as long as the appropriate constants are used. For longitudinal thick- 
ness modes when the radiating surface is a number of wavelengths in diameter, s 2 2 £ is 
replaced by l/cu E and d 2 i by e 2 i/cii E , the appropriate thickness piezoelectric con- 
stant. For a thickness shear mode, the appropriate shear stiffness (c 44 , c 55 , or c 66 ) 




f. V 

FREQUENCY FREQUENCY 

Fig. 3g-2. Use of equivalent circuit in determining the optimum conditions for energy 
transmission. 

replaces l/s 2 2 and the appropriate shear piezoelectric constant replaces d 2 u Table 
3g-l lists the constants in mks units for a number of standard crystal cuts. 

3g-2. Electrostrictive and Magnetostrictive Materials. Other types of materials 
that have been used in transducers are ferroelectric crystals and ceramics of the barium 
titanate type and ferromagnetic crystals, polycrystals, and sintered materials of the 
ferrite type. All these materials have changes in lengths proportional to squares 
and even powers of the polarization and to obtain a linear response they have to be 
polarized. These polarized materials have relations between stresses, strains, electric 
and magnetic fields, and electric displacement and magnetic flux similar to those for a 
piezoelectric crystals shown by Eq. (3g-l) and hence these materials can be said to 
have "equivalent" constants which depend not only on the material but also on the 
degree of poling and in some cases on aging effects. The dielectric and permeability 
constants are those associated with the polarized medium as are also the elastic 
constants. 

To obtain these equivalent piezoelectric and piezomagnetic constants, one can start 
with the more fundamental potential equations which have the same form for either 
electrostrictive or magnetostrictive materials. For polycrystalline or sintered mate- 
rials, these potential equations can be written in the form 
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G* = -4[sii*CZV + TV +. TV) + 2s 12 D (T 1 T 2 + T X T Z + T^IT,) 

+ 2(8n* - si2*) (TV + 2V + ZV)] - [QuWTx + 'D 2 *T 2 + D t *T t ) 

+ Qi2[T 1 (D 2 2 4- Df) 4- r«(Di« 4- D 3 2 ) + T 3 (Di 2 4- Dt*)] 

+ 2(Qn - Qi 2 )(T 4 D 2 Dz + r,DiJD, + r,Z>i2>,)} + $fiu T (Di* + W + 2>3 2 ) 

+ Kii r (JDi« + D 2 4 + D3 4 ) + K 12 T {D^D 2 2 + DiW + D 2 2 D 3 2 ) 

+ Kiii T (Dt* + D« 6 + Z>3 6 ) + ^112 r [2>l 4 (i)2 2 + #3 2 ) + i>2 4 (I>l 2 + Dl 1 ) 

+ D 3 4 W + D2 2 )] + K^D^D^Dz 2 (3g-16) 

where Ti, T 2l T z are the three extensional stresses, T 4 , T bi T$ the three shearing 
stresses, D\, D 2 , D z the three components of the electrical displacement for ferro- 
electric materials or the three components of the magnetic flux B for ferromagnetic 
materials, the s constants are the compliance constants for an isotropic material 
measured at constant electric or magnetic displacement, the Q's are the electro- 
strictive or magnetostrictive constants, pn T the inverse of the initial dielectric constant 
or permeability measured at constant stress, and the K T 's are constants determining 
the total energy stored for higher polarizations. The static equations can be obtained 
by differentiation of G according to the relations 

*■--!?;■ *--sk' (3g " 17) 

Since linear equations are obtained only if a permanent polarization P is intro- 
duced, we assume that 

D t = Po + 2>.* (3g-18) 

where D 3 * is a small variable component superposed on P . Also, D\ and D 2 are small 
so that their squares and higher powers can be neglected compared with P . Intro- 
ducing these into (3g-16) and differentiating, we have 

Si - su*! 7 ! + s i2 D (T 2 + Ti) + Qi 2 (Po 2 + 2PoZ> 3 *) 

S 2 = Sll *T 2 + si2 D (T 1 + T z ) + Qi 2 (Po 2 + 2P Dz*) 

Sz = Sn*T 3 + s 12 *(7\ + Tt) + On(Po 2 + 2PoD 3 *) 

Sa - 2(s n * - 8i 2 *) T\ + 2(Qn - Qi 2 )PoD 2 

S 5 « 2(s u * - s l2 D )T 5 + 2(Qn - Qi 2 )PoDi (3g-19) 

S* - 2(sn* - S12*) T 6 

Ei - -2(Qu - Qi 2 )P T, .+ Di{0n T + 2K l2 T P 2 + 2K 112 T P *) 

E 2 = -2(Qn - QiJPoT* + 2>2</3n T + 2K^P 2 + 2Ku 2 r P 4 ) 

#3 = -2Q n PoTz - 2Q l2 P,(T l + T 2 ) -f D 3 *(/3n T + 12#n r P 2 + 30£ni r P 4 ) 

It is obvious that the variable components of Eq. (3g-19) follow the same rule as for 
a piezoelectric crystal. There are three longitudinal modes and a shearing mode. 
The length longitudinal mode has the following constants: 



TT A E nTi ■ 4Q 12 2 Po 2 1 , 2Qi2P, 

L.L. mode s n E = si^ 1 + 7 , Tro \ b rfsi s r tcp 

|_ /833 2 (Po)sii^J Pzz'iPi 

1 



€ 33 r (Po) = ^-fp-^ (3g-20) 

where /3 33 T (Po) = (Pu T + 12 J Kii r Po 2 4- 30Kiu T P *) is the dielectric impermeability 
of the ceramic when it has a permanent polarization P 



L.T. bar Sll E = sn* [l 4- ^f^f d \ d »" = 



4Qu 2 Po 2 1 ^ 2QnPo 

Pzz T (Po) 



ezz T (Po) = ,^7^: (3g-21) 

* If higher-order terms than those considered here are used, second-order electrostrictive 
and magnetostrictive terms and the change in elastic constants with polarization can be 
taken care of. For example, see W. P. Mason, Phys. Rev. 82 (5), 715-723 (June 1, 1951). 
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These formulas hold for a bar which is long in the direction of vibration compared with 
the cross-sectional dimensions. When a plate is used which is a number of wave- 
lengths across, the sidewise motions Si and S2 are zero and the constants are 



L.T. plate 
where 



1 

Cu E 



d*. 



eU(Po) 



(3g-22) 



CU* = CU* "*" ^3 € 3 3 CPo) dg 3 = 2F yQll - s n D + Sl2 D Q12J €3 3 (P ) 



*%(Po) - 



^33 r (Po) + [4Q 12 »PoV(«n I> + 81^)] 



and 



Cn* 



su D + Sl2 £ 



(«U I> .-8l2 D )(*ll I> +2s 12 ^) 

The thickness shear mode has the fundamental constants 2(su E — Si 2 E ); du] en T (P ), 
X 10" 
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Fig. 3g-3. Properties of barium, lead, calcium titanate 
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i.e., the dielectric constant perpendicular to the poling direction, where 

du = 
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2(Qh - Q 12 )Po 0/ . E _ - = _ „ _ „, , 4(Q„ - Q M )«P.» 



en r (Po) 



2(*n- 



Sl2 E ) = 2(S U D - S 12 D ) + 
6ll T (Po) = 



/3n r (Po) 



(3g-23) 



(0u r + 2K 12 TP * + 2K 112 *7V) 
Two other modes have been used in electrostrictive and magnetostrictive materials, 
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the radial mode and the torsional mode. The first is driven by polarizing the disk 
perpendicular to the major surface and involves the same fundamental constants as the 
length longitudinal mode of Eq. (3g-20). It has been shown 1 that the effective 
coupling and the resonant frequency of such disks are given by the equations 

k * = _2_ ( 4Q„W(PoA /fi _ £03 / 1 (3 24) 

where a is Poisson's ratio which is approximately 0.3 for barium titanate ceramics. 
The torsional mode is generated in electrostrictive and magnetostrictive materials 
when the alternating displacement is at right angles to the polarization. This is 
easily accomplished for a magnetostrictive material by polarizing a cylinder radially 
by one set of windings and driving the cylinder by a set of windings coaxial with the 
cylinder. In an electrostrictive material, a torsional vibration can be obtained by 
inducing a permanent polarization in different directions on two sides of the cylinder 
and driving the cylinder by a set of two electrodes with the two gaps between them 
coming in the region of greatest permanent polarization. The fundamental elastic 
constant is the shear constant (s u E = s 55 E ) while the fundamental piezoelectric con- 
stant is the shear piezoelectric constant d ib or the similar magnetostrictive constants. 

Table 3g-2 gives some typical constants for a number of barium titanate composi- 
tions with lead and calcium titanate additions. Figure 3g-3 shows how the funda- 
mental constants vary with temperature over a wide temperature range. Table 
3g-3 gives some typical constants for a number of magnetostrictive materials. 

3g-3. Equivalent Circuits for Magnetostrictive Transducers. The energy equation 
(3g-16) is the same for magnetostrictive and electrostrictive materials, provided the 
electric field and displacement are replaced by the magnetic field H and the magnetic 
flux density B. Hence the equivalent circuit of Fig. 3g-l also applies to a magneto- 

fl 
strictive material, provided we replace E and i by / Hi dl = C7, the magnetomotive 

force and BS = $ where £ is the cross-sectional area, <£ the total flux through the 
magnetostrictive transducer, and $ the time rate of change of this flux. Hence all 
the fundamental quantities and coupling factors can be expressed in terms of the 
analogous quantities as shown by Table 3g-3. These hold for materials having a 
closed magnetic circuit such as a ring or a rod with closing magnetic circuit having a 
reluctance small compared with that for the rod. If this is not true, demagnetizing 
factors and additional reluctance values have to be taken account of and the value of 
<£ is the average value determined by all these factors. 

In a transducer, however, it is not U and $> that we deal with, but rather the input 
voltage and current. These quantities are related by equations of the type 

E = N^§- U = Ni (3g-25) 

at 

where N is the number of turns and the voltage, current, flux, and magnetomotive 
forces are directed as shown by Fig. 3g-4. These are the equations of a gyrator, shown 
by the symbol of Fig. 3g-4, which does not satisfy the reciprocity relationship. If we 
call Zm the magnetic impedance defined by 

z -=3& (3g " 26) 

it is evident that the electrical impedance at the terminals of the transducer is equal to 

■*.-5-£ < (3 g -27) 

1 W. P. Mason, "Piezoelectric Crystals and Their Application to Ultrasonics," chap. 
XII, D. Van Nostrand Company, Inc., New York, 1950. 
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ACOUSTICS 



Hence the effect of the gyrator coupling is to invert all the elements of the equivalent 
circuit. Hence one should determine the element values of Fig. 3g-4 for the appro- 
priate terminating conditions and then invert the values in accordance with Eq. 
(3g-27) to determine the elements of a magnetostrictive transducer. The values 




Co* 



*£^- ; z *s{f>rJ 






P 

Fig. 3g-4. Equivalent circuit of a magnetostrictive rod 



given in Fig. 3g-4 are for a longitudinally vibrating rod where S is the cross-sectional 
area and I the length. n s is the average value of the permeability in the equations for 
the reluctance R 

I 



R = 



n 8 S 



(3g-28) 



where n s is for the constant stress condition. 



3h. Frequencies of Simple Vibrators. Musical Scales 



ROBERT W. YOUNG 

U.S. Navy Electronics Laboratory 



3h-l. Strings. The fundamental frequency of vibration of an ideal string is 

'•-aVs (3h - x) 

where /o is the frequency, Ms the free length, F is the force (tension) stretching the 
string, and m is the mass per unit length. Values of m for steel and gut strings are 
given in Table 3h-l. 

In addition to the vibration in a single loop which gives rise to the fundamental 
frequency, the ideal string may vibrate in harmonics whose frequencies are 

/„ = nfo (3h-2) 
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Table 3h-l. Mass per Unit Length of Steel and Gut Strings* 



Diam 




„ I Diam 






Diam 








Steel, 
g/m 


Gut, 
g/m 




Steel, 
g/m 


Gut, 
g/m 




Steel, 
g/m 


Gut, 


mm 


in. 


mm 


in. 


mm 


in. 


g/m 


0.20 


0.0079 


0.25 


0.04 


1.00 


0.0394 


6.15 


1.10 


1.80 


0.0709 


19.9 


3.56 


0.22 


0.0087 


0.30 


0.05 


1.02 


0.0402 


6.40 


1.14 


1.82 


0.0717 


20.4 


3.64 


0.24 


0.0094 


0.35 


0.06 


1.04 


0.0409 


6.65 


1.19 


1.84 


0.0724 


20.8 


3.72 


0.26 


0.0102 


0.42 


0.07 


1.06 


0.0417 


6.91 


1.24 


1.86 


0.0732 


21.3 


3.80 


0.28 


0.0110 


0.48 


0.09 


1.08 


0.0425 


7.17 


1.28 


1.88 


0.0740 


21.7 


3 88 


0.30 


0.0118 


0.55 


0.10 


1.10 


0.0433 


7.44 


1.33 


1.90 


0.0748 


22.2 


3.97 


0.32 


0.0126 


0.63 


0.11 


1.12 


0.0441 


7.71 


1.38 


1.92 


0.0756 


22.7 


4.05 


0.34 


0.0134 


0.71 


0.13 


1.14 


0.0449 


7.99 


1.43 


1.94 


0.0764 


23.1 


4.14 


0.36 


0.0142 


0.80 


0.14 


1.16 


0.0457 


8.27 


1.48 


1.96 


0.0772 


23.6 


4.22 


0.38 


0.0150 


0.89 


0.16 


1.18 


0.0465 


8.56 


1.53 


1.98 


0.0780 


24.1 


4.31 


0.40 


0.0157 


0.98 


0.18 


1.20 


0.0472 


8.86 


1.58 


2.00 


0.0787 


24.6 


4.40 


0.42 


0.0165 


1.08 


0.19 


1.22 


0.0480 


9.15 


1.64 


2.02 


0.0795 


25.1 


4.49 


0.44 


0.0173 


1.19 


0.21 


1.24 


0.0488 


9.46 


1.69 


2.04 


0.0803 


25.6 


4.58 


0.46 


0.0181 


1.30 


0.23 


1.26 


0.0496 


9.76 


1.75 


2.06 


0.0811 


26.1 


4.67 


0.48 


0.0189 


1.42 


0.25 


1.28 


0.0504 


10.1 


1.80 


2.08 


0.0819 


26.6 


4.76 


0.50 


0.0197 


1.54 


0.27 


1.30 


0.0512 


10.4 


1.86 


2.10 


0.0827 


27.1 


4.85 


0.52 


0.0205 


1.66 


0.30 


1.32 


0.0520 


10.7 


1.92 


2.12 


0.0835 


27.6 


4.94 


0.54 


0.0213 


1.79 


0.32 


1.34 


0.0528 


11.1 


1.97 


2.14 


0.0843 


28.2 


5.04 


0.56 


0.0220 


1.93 


0.34 


1.36 


0.0535 


11.4 


2.03 


2.16 


0.0850 


28.7 


5.13 


0.58 


0.0228 


2.07 


0.37 


1.38 


0.0543 


11.7 


2.09 


2.18 


0.0858 


29.2 


5.23 


0.60 


0.0236 


2.21 


0.40 


1.40 


0.0551 


12.1 


2.16 


2.20 


0.0866 


29.8 


5.32 


0.62 


0.0244 


2.36 


0.42 


1.42 


0.0559 


12.4 


2.22 


2.22 


0.0874 


30.3 


5.42 


0.64 


0.0252 


2.52 


0.45 


1.44 


0.0567 


12.8 


2.28 


2.24 


0.0882 


30.9 


5.52 


0.66 


0.0260 


2.68 


0.48 


1.46 


0.0575 


13.1 


2.34 


2.26 


0.0890 


31.4 


5.62 


0.68 


0.0268 


2.84 


0.51 


1.48 


0.0583 


13.5 


2.41 


2.28 


0.0898 


32.0 


5.72 


0.70 


0.0276 


3.01 


0.54 


1.50 


0.0591 


13.8 


2.47 


2.30 


0.0906 


32.5 


5.82 


0.72 


0.0283 


3.19 


0.57 


1.52 


0.0598 


14.2 


2.54 


2.32 


0.0913 


33.1 


5.92 


0.74 


0.0291 


3.37 


0.60 


1.54 


0.0606 


14.6 


2.61 


2.34 


0.0921 


33.7 


6.02 


0.76 


0.0299 


3.55 


0.64 


1.56 


0.0614 


15.0 


2.68 


2.36 


0.0929 


34.3 


6.12 


0.78 


0.0307 


3.74 


0.67 


1.58 


0.0622 


15.4 


2.74 


2.38 


0.0937 


34.8 


6.23 


0.80 


0.0315 


3.94 


0.70 


1.60 


0.0630 


15.7 


2.81 


2.40 


0.0945 


35.4 


6.33 


0.82 


0.0323 


4.14 


0.74 


1.62 


0.0638 


16.1 


2.89 


2.42 


0.0953 


36.0 


6.44 


0.84 


0.0331 


4.34 


0.78 


1.64 


0.0646 


16.5 


2.96 


2.44 


0.0961 


36.6 


6.55 


0.86 


0.0339 


4.55 


0.81 


1.66 


0.0654 


16.9 


3.03 


2.46 


0.0968 


37.2 


6.65 


0.88 


0.0346 


4.76 


0.85 


1.68 


0.0661 


17.4 


3.10 


2.48 


0.0976 


37.8 


6.76 


0.90 


0.0354 


4.98 


0.89 


1.70 


0.0669 


17.8 


3.18 


2.50 


0.0984 


38.4 


6.87 


0.92 


0.0362 


5.20 


0.93 


1.72 


0.0677 


18.2 


3.25 


2.52 


0.0992 


39.1 


6.98 


0.94 


0.0370 


5.43 


0.97 


1.74 


0.0685 


18.6 


3.33 


2.54 


0.1000 


39.7 


7.09 


0.96 


0.0378 


5.67 


1.01 


1.76 


0.0693 


19.0 


3.41 


2.56 


0.1008 


40.3 


7.21 


0.98 


3.0386 5.91 

1 


1.06 


1.78 0.0701 19.5 


3.48 


2.58 


0.1016 


40.9 


7.32 



* This table is based on a density of steel of 7.83 g/cml Density of gut is assumed to be 1.4 g/cm', 
about one-sixth that of steel. This is only approximate, since the density of gut varies from sample to 
sample, and increases markedly with humidity. Brass wire has a density of 8.7 g/cm», about 1 1 times 
that of steel. 
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where n is the integer denoting the particular mode of vibration. The length of each 
vibration loop is l/n. These successive lengths and the corresponding periods of 
vibration (i.e., the reciprocals of the frequencies) constitute a harmonic series accord- 
ing to the strict mathematical definition; nowadays, however, the frequencies them- 
selves are usually said to make up a harmonic series. 

The frequencies of actual strings depart somewhat from the frequencies computed 
from the simple formula because actual strings are stiff, they may be partially clamped 
at the ends, they are not infinitely thin, the tension increases with amplitude of vibra- 
tion, the mass per unit length is not exactly uniform, there is internal damping and 
damping due to the surrounding air and supports, and the supports are not infinitely 
rigid. In the formulas which follow damping has been neglected. 

For an actual string set 

/ = n /o(l + G) (3h-3) 

where the factor (1 + G) is a measure of the departure (i.e., the inharmonicity) from 
the ideal harmonic values. Table 3h-2 lists values of G for various small perturbations. 
The approximations are valid only when G is small. 

Table 3h-2. Perturbation in Frequency of a String 



Cause 


G 


Explanation 




nWd*Y 


Y is Young's modulus, d is the diam- 


Stiffness 


12Sl 2 F 


eter of the string 
The support consists of a mass M on a 


Yielding support 


4ml 


spring of transverse force constant K. 


4tvWM - K/fo 2 


Multiply by 2 if there are two such 






supports 






The mass per unit length is m = 






w [l + g{x)\ where ra is the mean 




If 1 , x . „ (irnx) , 


value over the string and x is the dis- 


Variable density 


- 1 jo g(x} sm * I dx 


tance from one end of the string; the 
function g(x) must be small in com- 
parison with unity 



For musical purposes it is often convenient to give the inharmonicity in cents 
(hundredths of an equally tempered semitone) by setting 

1 + G = 2 5 / 1 ' 200 = 6 s / 1 - 731 (3h-4) 

where 8 is the inharmonicity. To a usually acceptable approximation, 8 = 1,731(7. 

If the stiff string listed in Table 3h-2 is of steel music wire, Y/p = 25.5 X 10 6 
m 2 /sec 2 , Y being Young's modulus and p the density. The tension is very nearly 
F = l 2 pf 2 Trd 2 . Thus for steel wire, and by virtue of the stiffness formula, the inhar- 
monicity in cents is 8 = 3.4 X 10 13 d 2 // 2 Z 4 , provided that the diameter and length are 
in centimeters. 

3h-2. Air Columns and Rods. The air within a simple tube of constant cross section, 
open at both ends or closed at both ends, vibrates freely at a frequency near 



- _ nc 

* " 21 



(3h-5) 



where n is an integer (mode of vibration number), c is the speed of sound in the con- 
tained air, and I is the length of the tube (see Sec. 3d for speed of sound in air and its 
dependence on temperature). The diameter of the tube must be relatively small; 
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plane sound waves propagated longitudinally are assumed. The same formula applies 
to thin rods vibrating longitudinally and suitably supported (say, at distances 
l/2n from the ends) so that the vibration is not inhibited (see Sec. 3f for speed of sound 
in solids). 

Open organ pipe is an example of a doubly open tube of constant cross section. To 
calculate its frequency adequately it must be recognized, however, that the air beyond 
the physical ends of the tube partakes of the vibration and adds inertia to the vibrating 
system. (This does not mean, however, that there is a velocity antinode beyond the 
end of the tube.) The necessary corrections to the simple formula are usually intro- 
duced as empirical "end corrections" to be added to the geometrical length; thus 



/- 



2(1 +xi+ x 2 ) 



(3h-6) 



where x\ — 0.3<i is the correction for the unimpeded end (d being the inside diameter 
of the pipe) and x 2 = 1 Ad is the correction for the mouth of the pipe. These are rough 
approximations; the literature on the end correction is extensive. 1 

The air inside a cylindrical tube that is closed at one* end and open at the other 
vibrates at frequency 

' = 4TO (3h " 7) 

where x ?= xi if the open end is unimpeded. In the case of the "closed" organ pipe 
(meaning closed at one end only), x = x 2 . 

The air in a conical tube is resonant in some cases at the same frequencies as a 
doubly open cylindrical tube of the same length, but there is the important difference 
that the contained sound waves are spherical rather than plane. Table 3h-3 gives 
equations 2 to be solved for each combination of end conditions; k — 2-jrf/c. "Closed- 
open," for example, means that the smaller end of the truncated cone is closed while 
the larger end is open; n is the slant distance from the extrapolated apex of the cone 
to the smaller end and r 2 is the slant distance to the larger end. The slant length of 
the resonator is thus r 2 — n. When n = 0, the length is r 2 and the cone is complete 
to the apex. Formulas for computing frequency when the cone is complete are shown 
at the right of Table 3h-3. As in the case of cylindrical tubes, the length should be 

Table 3h-3. Frequencies of Conical Resonators 



Ends 


Equation 


For n = 


Closed-closed 


kr 2 — tan -1 kr 2 = kri — tan -1 kr\ 


tan kr 2 = kr 2 


Closed-open 


tan k(r 2 — ri) = — kri 


. nc 
fl= 2r~ 2 


Open-closed 


tan k(r 2 — ri) — kr 2 


tan kr 2 = kr 2 


Open-open 


, nc 


j. nc 

J " 2r 2 


J " 2(r 2 - n) 



slightly modified by end corrections. As the angle of the cone increases the correction 
decreases and may even become negative. 3 

3h-3. Volume Resonators. The Helmholtz resonator consists of a nearly closed 
cavity of volume V with an opening of acoustical conductance C. If the opening is 

iE. G. Richardson, ed., "The Technical Aspects of Sound," vol. I, pp. 493-496, 578, 
Elsevier Publishing Company, Amsterdam, 1953; Harold Levine, J. Acoust. Soc. Am. 26, 
200-211 (1954). 

2 Eric J. Irons, Phil. Mag. 9, 346-360 (1930). 

a A. E. Bate and E. T. Wilson, Phil. Mag. 26, 752-757 (1938). 
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in a thin wall the conductance is simply d f the diameter of the hole. If the opening is 
through a short neck of length I, approximately 

n-d 2 



4(Z + O.Sd) 
The natural frequency of the resonantor is 

/ - -^ ^ 



(3h-8) 



(3h-9) 



the velocity of sound in the opening being c. The equation is valid for wavelengths 
large in comparison with the dimensions of the resonator. 

The ocarina may be recognized as an instrument of the resonator type because the 
position of an open hole of given size is immaterial; when the holes are all equal they 
may be opened in any order to give the same scale. The total conductance for use 
in the formula given above is the sum of the conductance of individual holes, provided 
that they are separated far enough that there is no interaction. 

3h-4. Bars. A long thin bar clamped and /or free at the end(s) can vibrate trans- 
versely at the fundamental frequencies listed in Table 3h-4 under mode 1. The length 
of the bar is I, Y is Young's modulus, p is the density, and k is the radius of gyration 
about the neutral axis of the cross section. For a round bar k = d/4, where dis the 
diameter. For a flat bar of thickness t (in the plane of vibration) k = t/\/l2) the 
width is immaterial. The frequency of a bar clamped at both ends is the same as 
that of a bar free at both ends. The frequency of a higher mode of vibration can be 
found by multiplying the fundamental frequency by the ratio indicated in Table 3h-4; 

Table 3h-4. Frequencies of Transverse Vibration of Bars 



Ends 



Clamped-free 

Free-free, or 

clamped-clamped 



Frequency 



Mode - 



0.5597k . [Y 



/l- 



3.561 k , 

I* 



Ratio 



6.267 
2.756 



17.548 
5.404 



34.387 
8.933 



Cents 



3,177 
1,755 



4,960 
2,921 



6,124 
3,791 



the intervals in cents corresponding to these ratios are given at the extreme right of the 
table. These are the classic 1 values for thin bars; the frequencies of actual bars are 
lowered slightly as a consequence of rotatory inertia, lateral inertia, and shear. 2 For 
example, for a steel bar whose length is 40 times the thickness, the frequencies of the 
first four modes of vibration are expected to be 0.997, 0.992, 0.984, and 0.974 times the 
corresponding "thin" values (i.e., lowered 5, 14, 28, and 46 cents, respectively). 

The simple tuning fork may be recognized as an example of dual clamped-free bars. 
The frequency of a tuning fork made of ordinary steel may be computed approximately 
from 

f-*f* (3h-10) 

1 Lord Rayleigh, "Theory of Sound," vol. I, p. 280, Macmillan & Co., Ltd., London, 1894. 
The interval erroneously given as 2.4359 octaves has been corrected here to 2.4340 octaves 

= 2,921 cents. 

2 William T. Thomson, /. Acoust. Soc. Am. 11, 199-204 (1939). There is an error: 
m = £/[i + p(k/L)*]i, not m = 0/[l + 0WZ<) 2 ]*. 
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Table 3h-5. Frequencies of the Equally Tempered Scale, Based on the 
International Standard A = 440 cps 



Note 


8 


/ 


2irf 


Note 


S 


/ 


2tt/ 


Note 


S 


/ 


2tt/ 


Co 





16.352 


102.74 


c 3 


36 


130.81 


821.92 


c 6 


72 


1,046.5 


6,575.4 




1 


17.324 


102.74 




37 


138.59 


870.79 




73 


1,108.7 


6,966.4 


Do 


2 


18.354 


115.32 


D 3 


38 


146.83 


922.58 


De 


74 


1,174.7 


7,380.6 




3 


19.445 


122.18 




39 


155.56 


977.43 




75 


1,244.5 


7,819.5 


EjO 


4 


20.602 


129.44 


E3 


40 


164.81 


1,035.6 


hi& 


76 


1,318.5 


8,284.4 


Fo 


5 


21.827 


137.14 


F 3 


41 


174.61 


1,097.1 


F 6 


77 


1,396.9 


8,777.1 




6 


23.125 


145.30 




42 


185.00 


1,162.4 




78 


1,480.0 


9,299.0 


Go 


7 


24.500 


153.93 


G 3 


43 


196.00 


1,231.5 


G 6 


79 


1,568.0 


9,851.9 




8 


25.957 


163.09 




44 


207.65 


1,304.7 




80 


1,661.2 


10,438 


A 


9 


27.500 


172.59 


A 3 


45 


220.00 


1,382.3 


A 6 


81 


1,760.0 


11,058 




10 


29.135 


183.06 




46 


233.08 


1,464.5 




82 


1,864.7 


11,716 


Bo 


11 


30.868 


193.95 


B* 


47 


246.94 


1,551.6 


B 6 


83 


1,975.5 


12,413 


Ci 


12 


32.703 


205.48 


c 4 


48 


261.63 


1,643.8 


c 7 


84 


2,093.0 


13,151 




13 


34.648 


217.70 




49 


277.18 


1,741.6 




85 


2,217.5 


13,933 


Dx 


14 


36.708 


230.64 


D 4 


50 


293.66 


1,845.2 


D 7 


86 


2,349.3 


14,761 




15 


38.891 


244.36 




51 


311.13 


1,954.9 




87 


2,489.0 


15,639 


Ei 


16 


41.203 


258.89 


E 4 


52 


329.63 


2,071.1 


E 7 


88 


2,637.0 


16,569 


Fi 


17 


43.654 


274.28 


F 4 


53 


349.23 


2,194.3 


F 7 


89 


2,793.8 


17,554 




18 


46.249 


290.59 




54 


369.99 


2,324.7 




90 


2,960.0 


18,598 


Gi 


19 


48.999 


307.87 


G 4 


55 


392.00 


2,463.0 


G 7 


91 


3,136.0 


19,704 




20 


51.913 


326.18 




56 


415.30 


2,609.4 




92 


3,322.4 


20.875 


Ai 


21 


55.000 


345.58 


A 4 


57 


440.00 


2,764.6 


A 7 


93 


3,520.0 


22,117 




22 


58.270 


366.12 




58 


466.16 


2,929.0 




94 


3,729.3 


23,432 


Bi 


23 


61.735 


387.90 


B 4 


59 


493.88 


3,103.2 


B 7 


95 


3,951.1 


24,825 


c 2 


24 


65.406 


410.96 


c 5 


60 


523.25 


3,287.7 


c 8 


96 


4,186.0 


26,301 




25 


69.296 


435.40 




61 


554.37 


3,483.2 




97 


4,434.9 


27,865 


D 2 


26 


73.416 


461.29 


D 5 


62 


587.33 


3,690.3 


D 8 


98 


4,698.6 


29,522 




27 


77.782 


488.72 




63 


622.25 


3,909.7 




99 


4,978.0 


31,278 


1L2 


28 


82.407 


517.78 


E 5 


64 


659.26 


4,142.2 


E 8 


100 


5,274.0 


33,138 


F 2 


29 


87.307 


548.57 


F 5 


65 


698.46 


4,388.5 


F 8 


101 


5,587.7 


35,108 




30 


92.499 


581 . 19 




66 


739.99 


4,649.5 




102 


5,919.9 


37,196 


G 2 


31 


97.999 


615.74 


G 5 


67 


783.99 


4,926.0 


G 8 


103 


6,271.9 


39,408 




32 


103.83 


652.36 




68 


830.61 


5,218.9 




104 


6,644.9 


41,751 


A 2 


33 


110.00 


691 . 15 


A 5 


69 


880.00 


5,529.2 


A 8 


105 


7,040.0 


44,234 




34 


116.54 


732.25 




70 


932.33 


5,858.0 




106 


7,458.6 


46,864 


B 2 


35 


123.47 


775.79 


B 5 


71 


987.77 


6,206.3 


B 8 


107 


7,902.1 


49,651 



Numerous subscript notations have been employed to distinguish the notes of one octave from those 
of another. The particular scheme used here assigns to Co a frequency which corresponds roughly to 
the lowest pitch. S is the number of semitones counted from this Co. 
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provided that the thickness t and length I of the prongs are given in centimeters. 

It is evident from Table 3h-4 that the different modes of vibration of a uniform bar 
are inharmonic. However, the cross section of the bar in the modern xylophone or 
marimba is often given an empirical lengthwise "undulation" such that the second 
mode of vibration of the free-free bar is changed in frequency to 3 or 4 times the funda- 
mental frequency. l The frequencies of the higher modes of vibration are also modified 



Table 3h-6. Intervals in Cents Corresponding to Certain 
Frequency Ratios 



Name of interval 



Unison 

Minor second or semitone ....... 

Semitone 

Minor tone or lesser whole tone. . 

Major second or whole tone 

Major tone or greater whole tone 

Minor third 

Minor third 

Major third 

Major third 

Perfect fourth 

Perfect fourth 

Augmented fourth 

Augmented fourth 

Diminished fifth 

Diminished fifth 

Perfect fifth 

Perfect fifth 

Minor sixth 

Minor sixth 

Major sixth 

Major sixth 

Harmonic minor seventh 

Grave minor seventh 

Minor seventh 

Minor seventh 

Major seventh 

Major seventh 

Octave 



Frequency ratio 



1:1 

.059463:1 

16:15 



1 



10 
. 122462 

9 
. 189207 

6 

5 
.259921 

4 
.334840 
45 
.414214 
.414214 
64 
.498307 

3 
.587401 

8 

5 
.681793 

7 

16 

.781797 

9 

15 

.887749 

2 



9 

1 

8 

1 

5 

4 

1 

3 

1 

32 

1 

1 

45 

1 

2 

1 

5 

3 

1 

4 

9 

1 

5 

8 

1 

1 



Cents 





100 

111.731 

182.404 

200 

203.910 

300 

315.641 

386.314 

400 

498.045 

500 

590.224 

600 

600 

609.777 

700 

701.955 

800 

813.687 

884.359 

900 

968.826 

996.091 
1,000 
1,017.597 
1,088.269 
1,100 
1,200.000 



by variation in cross section for special purposes such as the simulation of the sound 
of a bell. 2 

3h-6. Musical Scales. By international agreement the standard tuning frequency 
for musical performance is the A of 440 cps. The frequencies of the equally tempered 
scale based on this frequency appear in Table 3h-5. Middle C thus has a frequency 
of 261.6 cps. The C of 256 cps, frequently used in the past for demonstrations in 
physics, has never been adopted for practical musical performance. 

1 &ee U.S. Pats. 1,838,502 (1931) and 1,632,751 (1927). 

2 See U.S. Pats. 2,273,333 (1942), 2,516,725 (1950), 2,536,800 (1951), and 2,606,474 
(1952). 
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For many calculations with musical intervals it is convenient to deal with loga- 
rithmic units that can be added instead of the ratios which must be multiplied. The 
octave is equal to 1,200 logarithmic cents, and the equally tempered semitone is 
100 cents. The interval in cents corresponding to any two frequencies /i and / 2 is 
1,200 log 2 (/2//1) = 3,986 logio (/2//1). Table 3h-6 lists certain common intervals in 
cents, and the corresponding ratios ; the frequency ratios for intervals up to 100 cents 
are given in Table 3h-7. 





Table 3h-7 


. Ratios for 


Intervals to 100 Cents 




Cents 


Ratio 


Cents 


Ratio 


Cents 


Ratio 


Cents 


Ratio 





1.000000 


25 


1.014545 


50 


1.029302 


75 


1.044274 


1 


1.000578 


26 


1.015132 


51 


1.029896 


76 


1.044877 


2 


1.001158 


27 


1.015718 


52 


1.030492 


77 


1.045481 


3 


1.001734 


28 


1.016305 


53 


1.031087 


78 


1.046085 


4 


1.002313 


29 


1.016892 


54 


1.031683 


79 


1.046689 


5 


1.002892 


30 


1.017480 


55 


1.032079 


80 


1.047294 


6 


1.003472 


31 


1.018068 


56 


1.032876 


81 


1.047899 


7 


1.004052 


32 


1.018656 


57 


1.033473 


82 


1.048505 


« 


1.004632 


33 


1.019244 


58 


1.034070 


83 


1.049111 


9 


1.005212 


34 


1.019833 


59 


1,034667 


84 


1.049717 


10 


1.005793 


35 


1.020423 


60 


1.035265 


85 


1.050323 


11 


1.006374 


36 


1.021012 


61 


1.035863 


86 


1.050930 


12 


1.006956 


37 


1.021602 


62 


1.036462 


87 


1.051537 


13 


1.007537 


38 


1.022192 


63 


1.037060 


88 


1.052145 


14 


1.008120 


39 


1.022783 


64 


1.037660 


89 


1.052753 


15 
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3i-l. Introduction. Radiation of sound may take place in a number of ways but, 
basically, all sound generators cause an alternating pressure to be set up in the fluid 
medium within which the sound energy is established. The sound energy that is set 
up in a medium depends not only on the physical characteristics of the medium and 
the oscillatory volume displacement of the fluid set up by the vibrating source but also 
upon the size and shape of the generator. The acoustic power generated by any 
vibrating source can be expressed by 

P = U 2 R A X 10- 7 watts (3i-l) 

where U = rate of volume displacement of the fluid, cc/sec 

Ra = acoustic radiation resistance of the source, acoustic ohms 

If the rate of volume displacement is taken in peak cc/sec, Eq. (3i-l) will yield peak 
watts of power. If the volume displacement is taken in rms cc/sec, the power will be 
given in rms watts. 

Of the many possible methods for generating sound, two types of generators will 
effectively serve to classify most of them. These basic generators are (1) pulsating 
sphere, and (2) vibrating piston. 

Each type of generator has a different acoustic impedance characteristic which 
depends on the dimensions of the source and on the frequency of vibration. 

3i-2. Acoustic Impedance. Pulsating Sphere. The specific acoustic impedance of 
a pulsating sphere is given by 

z = l + [1/Id/\)V + j l -Tu/frjPA)]' aC ° UStiC ° hms/cm2 (3i " 2) 

where p = density of the medium, g/cc 

c = velocity of sound in the medium, cm /sec 

D = diameter of the sphere, cm 

X-c// 

/ = frequency, cps 
It can be seen from inspection that at high frequencies, where D/\ becomes very 
large, the specific acoustic impedance becomes a pure resistance equal to pc and the 
reactance term vanishes. At low frequencies, where D/X is small, the specific 
acoustic impedance becomes 

2 = pel — I +jpc— acoustic ohms /cm 2 (3i-3) 

A plot of the specific acoustic resistance and reactance of a pulsating sphere as a 
function of D/X is shown in Fig. 3i-l. To obtain the total acoustic radiation resistance 
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Ra of the sphere, it is necessary to divide the specific acoustic resistance by the total 
surface area of the sphere in cm 2 . The value of Ra thus determined, when substituted 
in Eq. (3i-l), will give the actual acoustic watts being generated by the spherical 
source. 

Vibrating Piston. The specific acoustic impedance of a circular piston set in an 
infinite rigid baffle and radiating sound from one of its surfaces is given by 



= pc[l 



Ji(2wD/\)~\ 
xD/X 



Ki(2rD/\) 
2(ttZ)/X) 2 



J +jpc - 2 f, n/ ^i 



acoustic ohms /cm 2 (3i-4) 



where D is the diameter of the piston in centimeters, Ji and K\ are Bessel functions, 
and the remaining symbols are defined under Eq. (3i-2). 
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Fig. 3i-l. Specific acoustic resistance R and reactance X of a pulsating sphere (dashed 
curves) and a vibrating piston set in an infinite baffle (solid curves). To obtain magnitude 
of R or X multiply ordinates by pc of the medium. 

At high frequencies, where D/X is large, Eq. (3i-4) reduces to a pure resistance equal 
to pc. At low frequencies, where D/X is small, the specific acoustic impedance for a 
piston set in an infinite baffle with one side radiating becomes 



pc{irD/\y . . 82) 
Z 2 +^ C 3X 



acoustic ohms/cm s 



(3i-5) 
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A plot of the specific acoustic resistance and reactance for a vibrating piston 
mounted in an infinite baffle is shown in Fig. 3i-l. To obtain the total acoustic 
radiation resistance of the piston, it is necessary to divide the specific resistance by the 
piston area in cm 2 . The value of Ra so determined, when substituted in Eq. (3i-l), 
will give the actual acoustic watts being generated by a piston. 

Summary of Radiation Impedance Characteristics. In Table 3i-l are shown the 
magnitudes of the acoustic radiation resistance and reactance for a sphere and piston 
for both low-frequency (D/X small) and high-frequency (D/X large) operation. 



Table 3i-l. Tabulated Values of the Total Acoustic Radiation 

Resistance and Reactance of a Sphere and Piston 

in Acoustic Ohms 





D/X « 1 


D/X » 1 




Ra 


X A 


Ra 


X A 


Pulsating sphere 


7T 

PC 4XV 
pC 2X> 


P c 

7rDX 

8 
pC 3xDX 


P c 
A 

PC 

A 





Vibrating piston (in infinite baffle) 


o 







p = density of the medium, g/cm 2 

c = velocity of sound in the medium, cm/sec 

X ■ wavelength of sound in the medium, cm 

X - c/f 



f ■» frequency of the sound vibration, cps 
D =» diameter of sphere or pistion, cm 
A = surface area of sphere or piston, cm 5 



3i-3. Directional Radiation of Sound. Whenever sound energy is generated from 
a source whose dimensions are small compared with the wavelength of the vibration 
in the medium, the intensity will be uniform in all angular directions and the generator 
is generally defined as a point source. When the dimensions of the vibrating surface 
are large compared with the wavelength, phase interferences will be experienced at 
different points in space due to the differences in time arrival of the vibrations origi- 
nating from different portions of the surface, which results in a nonuniform directional 
radiation pattern. Practical use is made of this phenomena when it is desired to 
produce special directional patterns by arranging the geometry and size of the vibrat- 
ing surfaces of a sound generator to create the desired characteristic. 

In many instances, a transmitter is designed so that the sound is radiated in a rela- 
tively sharp beam so that the energy is concentrated only within a specific desired 
angular region. When such a directional structure is employed as a receiver, the 
transducer will be more capable of picking up weak signals from a specified direction 
than would be the case from a nondirectional transducer. The reason for this improve- 
ment is the reduced sensitivity of the directional receiver to random background 
noises that will be present in all directions from the source. The number of decibels 
by which the signal-to-noise ratio is improved by a directional receiver over a non- 
directional receiver is known as the directivity index of the transducer. It will be 
defined more fully later. The following will show the directional radiation character- 
istics of several common structures. 

Uniform Line Source. If a uniform long line is vibrating at uniform amplitude, the 
radiated sound intensity will be a maximum in a plane which is the perpendicular 
bisector of the line. At angles removed from the perpendicular bisector of the line, 
the intensity will fall off to a series of nulls and secondary maxima of diminishing 
amplitudes as the angle of incidence to the axis of the line deviates from the normal 
bisector of the line. For a line of length L vibrating uniformly over its entire length 
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at a frequency corresponding to a wavelength of sound X in the medium, the ratio of 
the sound pressure pe produced at an angle 9 removed from the normal axis of maxi- 
mum response to the sound pressure p on the normal axis is given by 



pe sin [(ttL/X) sin 6] 
Po ~~ (ttL/X) sin 9 



(3i-6) 



If L is large compared with X, the response as a function of will go through a series 
of nulls and secondary maxima of successively diminishing amplitudes. 
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RATIO D/X OR L/X 

Fig. 3i-2. Total beam angle for a piston, ring, and line source as a function of size of source 
to wavelength of sound being radiated. A, thin ring of diameter D. B, uniform line of 
length L. C f piston of diameter D. (Curves A and C from Massa, "Acoustic Design 
Charts," The Blakiston Division, McGraw-Hill Book Company, Inc., New York, 1942.) 

Circular Piston in Infinite Baffle. The directional radiation pattern from a large 
circular piston vibrating at constant amplitude and phase and set into an infinite rigid 
baffle may be obtained from the expression 



pe ^ 2Ji[(irD/\) sin 6] 
po (ttD/X) sin G 



(3i-7) 



where pe = sound pressure at an angle from the normal axis of the piston 
Po = sound pressure on normal axis of piston 
D = diameter of piston 
X = wavelength of sound 
J i = Bessel function of order 1 
From this equation, it can be seen that, as D/X increases, the beam width becomes 
smaller and the sound pressure goes through a series of nulls and secondary maxima 
as progressively departs from the normal axis to the piston. 

Thin Circular Ring. The directional radiation pattern from a large narrow circular 
ring of diameter D vibrating at constant amplitude and fitted into an infinite plane 
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(3i-8) 



baffle may be obtained from the expression 

Po \ X / 

where Jo = Bessel function of order zero and all other symbols are denned under 
Eq. (3i-7). 

Beam Width for Line, Piston, and Ring. From Eqs. (3i-6), (3i-7), and (3i-8), the 
total beam width has been computed for the radiation from each of the three types of 
sound generators. The total beam width is here defined as the angle 29 at which the 
pressure pe is reduced 10 db in magnitude from the maximum on axis response p . 
By setting pe/po equal to —10 db or 0.316 in magnitude in these equations, the three 
curves plotted in Fig. 3i-2 were computed. 


























-10 

CD 

o 










































z 

S-20 

o 

z 










































CTIVITY 1 
Q 










































ui 
cc 

°-40 










































_*n 























10 



100 200 



TOTAL BEAM ANGLE IN 0E6REES 
Fig. 3i-3. Directivity index of a piston or ring as a function of total beam angle where beam 
angle is defined as the included angle of the main beam between the 10-decibel-down points 
in the directional response. (Computed from Massa, "Acoustic Design Charts," "" 
Blakiston Division, McGraw-Hill Book Company, Inc., New York, 1942.) 



The 



3i-4. Directivity Index. It has already been mentioned that a directional trans- 
ducer has an advantage over a nondirectional structure whenever it is desired to send 
or receive signals from a particular localized direction only. The fact that the direc- 
tional transducer is less sensitive to sounds coming from random undesired directions 
makes it possible for it to detect weaker signals than would be possible with a non- 
directional unit. The measure of this improvement in decibels corresponds to the 
directivity index of the transducer. The directivity index of a transducer is defined 
as the ratio of the total power radiated by a transducer to the total power required 
by a nondirectional transducer to produce the same peak intensity as is produced by 
the directional transducer on its axis of maximum response. 

The directivity index of a transducer is expressed in decibels, and a plot of the 
directivity index as a function of beam width for a piston or ring is shown in Fig. 3i-3. 
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3j-l. Sound-absorptive Materials. When sound waves strike a surface, the energy 
may be divided into three portions: the incident, reflected, and absorbed energy. 
Suppose plane waves are incident on a surface of infinite extent. For this case, the 
absorption coefficient a of the surface may be defined as 



-Lhl 



/. 



ds 

— (3j-D 



Li-ds 



where I v is the time average of the intensity vector of the sound field at the absorptive 
surface; ds is the vector surface element — the positive direction being into the material 
from the incident side ; and I a is the time average of the intensity vector which would 
exist at the surface element if the surface were removed. The absorption coefficient 
defined above is a function of angle of incidence and frequency. 

For acoustical designing in architecture it is convenient to use an "average" 
absorption coefficient a which is assumed to depend only on the physical characteristics 
of the material and not on the sound field. These are the values of absorption that are 
given in this section. A surface having an absorption coefficient a and area S square 
feet is said to have an absorption of aS sabins. Thus the sabin (sometimes called a 
square-foot unit of absorption) is the absorption equivalent of 1 sq ft of material hav- 
ing an absorption coefficient of unity. 

A quantity which describes the acoustical properties of a material that is more 
fundamental than absorption coefficient is its acoustic impedance, defined as the com- 
plex ratio of sound pressure to the corresponding particle velocity at the surface of the 
material. Because of the complexities involved in the solutions to problems of room 
acoustics by boundary-value theory in terms of boundary impedances, 1 the simpler 
concept of absorption coefficient is usually employed in calculating the acoustical 
properties of rooms, as indicated in the following section. 

Most manufactured acoustical materials depend largely on their porosity for their 
acoustic absorption, the sound waves being converted into heat as they are propagated 
into the interstices of the material and also by vibration of the small fibers of the 
material. Another important mechanism of absorption is panel vibration; when 
sound waves force a panel into motion the resulting flexual vibration converts a frac- 
tion of the incident sound energy into heat. 

The average value of absorption coefficient of a material varies with frequency. 
Tables usually list the values of a. at 125, 250, 500, 1,000, and 4,000 cps, or at 128, 256, 

1 P. M. Morse, "Vibration and Sound," chap. VIII, McGraw-Hill Book Company, 
Inc., New York, 1948. 
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512, 1,024, 2,048, and 4,096 cps, which for practical purposes are identical. In com- 
paring materials which are used for noise-reduction purposes in offices, banks, corridors, 
etc., it is sometimes useful to employ a single figure called the noise-reduction coeffi- 
cient (abbreviated NRC) of the material which is the average of the absorption 
coefficients at 250, 500, 1,000, and 2,000 cps, to the nearest multiple of 0.05. 

Figures 3j-l through 3j-4 give the absorption coefficient vs. frequency for several 
types of acoustical material. 1 The absorption-frequency characteristics of regularly 
perforated cellulose fiber tile -f in. thick is shown in Fig. 3j-l. These curves represent 
average coefficients for materials of the same type, thickness, and method of mounting 
but of different manufacture. Similar data are shown in Fig. 3j-2 for fissured mineral 
tile -j-| in. thick. Values of noise-reduction coefficient are shown to the right of the 
graph. Values of absorption coefficient for various types of building materials are 



1.00 
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2000 
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MRC 



FREQUENCY (CPS) 
Fig. 3j-l. The absorption vs. frequency characteristic for regularly perforated cellulose 
fiber acoustical tile. These data represent average values for f-in. tile having the same 
thickness and mounted in the same way but of different manufacture. {After H. J. 
Sabine.) 

given in Table 3j-l. 2 The equivalent absorption of individuals and seats, expressed 
in sabins, is given in Table 3j-2. More complete data, and data for other types of 
material, are given in Knudsen and Harris. 3 Sound-absorptive materials and struc- 
tures may be classified in the following way: (1) prefabricated units, including acous- 
tical tile, tile boards, and certain mechanically perforated units backed with absorptive 
material; (2) acoustical plasters; (3) acoustical blankets, consisting of mineral wool, 
glass fibers, hair felt, or wood fibers held together in blanket form by a suitable binder; 

(4) panel absorbers, including panels of plywood, paperboard, and pressed-wood fiber ; 

(5) membrane absorbers consisting of a membrane of negligible stiffness backed by an 
enclosed air space; (6) resonator absorbers of the Helmholtz type; and (7) special types. 

1 C. M. Harris, "Handbook of Noise Control," chapter by H. J. Sabine, McGraw-Hill 
Book Company, Inc., New York, in preparation. 

2 Acoustical Materials Association, Bull. XV, New York, 1955. 

3 V. O. Knudsen and C. M. Harris, "Acoustical Designing in Architecture," John Wiley 
& Sons, Inc., New York, 1950. 
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Fig. 3j-2. The absorption vs. frequency characteristic for fissured mineral tile. These data 
represent average values for \ f-in. tile having the same thickness and mounted in the same 
way but of different manufacture. {After H. J. Sabine.) 



uj 
o 
u. 
u. 

LU 

o 



z 
o 

Q. 
O 

<n 

CD 

< 



,90 








<-*> 


* 








80 






> 
/ 


** ^ 


% 








70 






// 


y' 


\ 


^*. 


NF 


?C 


60 






i > 


y 




N < 




— s. ~ 


50 






i 








«'/2- 


40 






Iff 












^0 




/ 


7' 












20 






/ 
/ 
f _, , 












.10 




K- y 



















S 















125 



250 



NRC 



500 1000 2000 4000 

FREQUENCY (CPS) 
Fig. 3j-3. The absorption vs. frequency characteristic for regularly perforated cellulose 
fiber acoustical tile which has been spot-cemented to a rigid surface. These data represent 
the average value for tiles of different manufacture, mounted in the same way and having 
different thickness. {After H. J. Sabine.) 

3j-2. Reverberation-time Calculations. After sound has been produced in or 
enters an enclosed space it will be reflected by the boundaries of the enclosure. 
Although some energy is lost at each reflection, several seconds may elapse before the 
sound decays to inaudibility. This prolongation of sound after the original source 
has stopped is called reverberation y a certain amount of which is found to add a pleasing 
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Table 3j-l. Absorption Coefficients for Building Materials* 



Material 



Coefficients 



125 cps 



500 cps 



2,000 cps 



Brick wall, painted 

Same, unpainted 

Carpet, unlined 

Same, felt-lined 

Fabrics, hung straight: 

Light, 10 oz/sq yd. 

Medium, 14 oz/sq yd 

Heavy, draped, 18 oz/sq yd 

Floors: 

Concrete or terrazzo 

Wood. 

Linoleum, asphalt, rubber or cork tile on con- 
crete 

Glass 



Marble or glazed tile 

Openings: 

Stage, depending on furnishings 

Deep balcony, upholstered seats 

Grills, ventilating 

Plaster, gypsum, or lime, smooth finish on tile or 
brick 

Same, on lath 

Plaster, gypsum, or lime, rough finish on lath . . 
Wood paneling 



0.012 
0.024 
0.09 
0.11 

0.04 
0.06 
0.10 

0.01 
0.05 



0.035 
0.01 



0.013 
0.02 
0.039 
0.08 



0.017 
0.03 
0.20 
0.37 

0.11 
0.13 
0.50 

0.015 
0.03 

0.03-0.08 
0.027 
0.01 

0.25-0.75 
0.50-1.00 
0.15-0.50 

0.025 
0.03 
0.06 
0.06 



* From AM A Bull. XV, no. 2. 



Table 3j-2. Absorption of Seats and Audience* 
(In sabins per person or unit of seating) 



0.023 
0.049 
0.27 
0.27 

0.30 
0.40 
0.82 

0.02 
0.03 



0.02 
0.015 



0.04 
0.04 
0.054 
0.06 



Audience, seated, depending on character 

of seats, etc 

Chairs, metal or wood 

Wood pews 

Pew cushions (without pews) 

Theater and auditorium chairs: 

Wood-veneer seat and back 

Upholstered in leatherette 

Heavily upholstered in plush or mohair 

* From AM A Bull. XV, no. 2. 



125 cps 



1.0-2.0 
0.15 

0.75-1.1 



500 cps 



3.0-4.3 

0.17 

0.40 

1.45-1.90 

0.25 
1.6 
2.6-3.0 



2,000 cps 



3.5-6.0 
0.20 

1.4-1.7 
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characteristic to the acoustical qualities of a room. On the other hand, excessive 
reverberation can ruin the acoustical properties of an otherwise well-designed room. 
Because of the importance of the proper control of reverberation in rooms, a 
standard of measure called reverberation time (abbreviated t 60 ) has been established. 
It is one of the important parameters in architectural acoustics. This is the time 
required for a specified sound to die away to one-thousandth of its initial pressure, a 
drop in sound pressure level of 60 db. It is given by the following equation: 



^60 



0.049 V 



S[-2.301ogio (1 - a)] + 4mF 



(3j-2) 



.020 




90 



20 30 40 50 60 70 80 

RELATIVE HUMIDITY IN PER CENT 
Fig. 3j-4. Values of the attenuation coefficient m as a function of relative humidity for 
j-i* A ' ' (After V. 0. Knudsen and C. M. Harris.) 



different frequencies. 



and when a is small compared with unity, 



^60 = 



0.049F 



where 



Sa + 4mV 

V = volume of the room, cu ft 
S = total surface area, sq ft 
a — average absorption coefficient given by 
- _. «i£i + (X2S2 + azSs -f- ■ • • _ a 
a £1 + £2 + £3 + . • • ~S 

ax = absorption coefficient of area S\, etc. 
a = total absorption in the room, sabins 



(3J-3) 



(3j-4) 
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The quantity m is the attenuation coefficient for air given by Fig. 3J-4. 1 For rela- 
tively small auditoriums and frequencies below 2,000 cps, the mV term can usually 
be neglected so that Eq. (3j-3) reduces to 

0.049F 



#60 — 



Six 



sec 



(3j-5) 



3j-3. Optimum Reverberation Time. A certain amount of reverberation in a room 
adds a pleasing quality to music. Since the reverberation time one would consider 
to be optimum is a matter of personal preference, it is not a quantity that can be 
calculated from a formula. On the other hand, useful engineering-design data may 
be obtained from a critical evaluation of empirical data based upon the preference 
evaluations of large groups of individuals. The results of such information from all 
available sources considered reliable, in this country and abroad, have been carefully 
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Fig. 3j-5. Optimum reverberation time at 512 cps for different types of rooms as a function 
of room volume. This figure should be used in conjunction with Fig. 3j-6 to obtain 
optimum reverberation time as a function of frequency. (After V. O. Knudsen and C. M. 
Harris.) 

evaluated by Knudsen and Harris, 1 who have published the curves for optimum 
reverberation time shown in Figs. 3j-5 and 3j-6. The data in Fig. 3j-5 give the 
optimum reverberation times at 512 cps as a furfcfaon of volume for rooms and audi- 
toriums that are used for different purposes. Since the optimum reverberation 
time for music depends on the type of music, it is represented by a broad band. The 
optimum reverberation time for a room used primarily for speech is considerably 
shorter; a reverberation time longer than those shown results in a decrease in speech 
intelligibility. 

The optimum reverberation times at frequencies other than 512 cps is obtained by 
multiplying the values given in Fig. 3j-5 by the ratio R from Fig. 3j-6 for the desired 
frequency. These data indicate that below 512 cps the optimum reverberation time 
may fall anywhere in a wide range shown by the crosshatched band; smaller rooms 
usually have preferred ratios that are in the lower part of the band. 

i Ibid. 
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3j-4. Air-borne Sound Transmission through Partitions. The fraction of incident 
sound energy transmitted through a partition is called its transmission coefficient t. 
In rating the noise-insulating value of partitions, windows, and doors, it is generally 
convenient to employ a logarithmic quantity, transmission loss T.L., which is equal 
to the number of decibels by which sound energy that is incident on a partition is 
reduced in transmission through it. The two quantities are related by the equation 



T.L. = 10 log 



db 



(3j-6) 



Air-borne sound is transmitted through a so-called "rigid" partition, such as a wall 
of concrete or brick, by forcing it into vibration ; then the vibrating partition becomes 
a secondary source, radiating sound to the side opposite the original source. Over a 
large portion of the audible range, such a partition, on the average, approximates a 
mass-controlled system so that its transmission loss should increase 6 db each time 
the weight of the partition is doubled. In most actual partitions the increase is 
usually less, say 4 to 5 db for the average frequency,range between 128 and 2,048 cps. 
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Fig. 3jj-6. Chart for computing optimum reverberation time as a function of frequency 
The time at any frequency is given in terms of a ratio R which should be multiplied by the 
optimum time at 512 cps (from Fig. 3j-5) to obtain the optimum time at that frequency. 
(After V. 0. Knudsen and C. M. Harris.) 

This is illustrated by Fig. 3j-7, which gives the transmission loss (averaged over 
frequency in the range from 128 to 4,096 cps) as a function of weight of the partition 
in pounds per square foot of surface area. The straight line represents the calculated 
transmission loss assuming that the values of T.L. increase 6 db for each doubling of 
the weight. The transmission loss for a partition is not constant with frequency, 
increasing usually 3 to 6 db /octave. 

Note that a compound-wall construction can yield relatively high sound insulation 
with relatively low mass per unit wall area. The double-wall construction is one such 
example. It is important that the separation between the walls be as complete as 
possible — structural ties will greatly reduce the effectiveness of such a structure. 

Values of transmission loss for various types of walls and floors employed in ordinary 
building construction are given in Table 3j-3 and Fig. 3J-7. 1 

3j-6. Noise Level within a Room. The sound level of noise which is transmitted 
into a room from the outside depends on (1) the noise-insulating properties of its 

1 Knudsen and Harris, op. cit.; Sound Insulation of Wall and Floor Constructions, 
Building Materials and Structures, Natl. Bur. Standards (U.S.) Rept. 144 (1955). 
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bounding surfaces, (2) the total absorption in the room, and (3) the characteristics 
of the noise source. The following formula gives a rating of the over-all noise reduc- 
tion provided by the enclosure. It represents, approximately, the difference between 
the noise level outside a room and the noise level inside a room. 



db 



(3j-7). 



Noise-insulation factor = 10 log ^ 

where a represents the total absorption in the room in sabins defined by Eq. (3j-4), and 
T represents the total transmittance of the enclosure given by 

T = tiSi + t 2 £ 2 + t z S* + • • • (3j-8) 

where n is equal to the transmission coefficient of area Si, etc. 
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Fig. 3j-7. Transmission loss, average over frequency in the range from 128 to 4,096 cps, as a 
function of weight of the parts in pounds per square foot of surface area. 

If a source of noise is within a room, then at distances near to the source the sound 
pressure decreases inversely with increasing distance from the source; there is a 
decrease in sound pressure level of 6 db for each doubling of the distance from the 
source, just as if the source were in the open air. However, at every point in the room 
there will be an additional contribution to the total pressure as a result of reflections 
from the walls. As one recedes from the source the reflected contributions become 
more and more important until direct sound from the source becomes negligible by 
comparison. 

Then if the sound field is diffuse (perfect diffusion is said to exist if the sound pres- 
sure everywhere in the room is the same, and it is equally probable that the waves are 
traveling in every direction) the sound pressure level in the room will be given approxi- 
mately by 

L p = 10 log — + 136.4 db (3j-9) 



if a value of pc — 40.8 rayls is assumed for air, and 
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where W — power of the sound source, watts 

a = total absorption of the room, sabins 
A consideration of the above formula shows that, if the acoustic-power output of the 
noise source remains constant, and if the total absorption in the room is increased 
from %i to a 2 the reduction in noise level is given by 



Noise reduction = 10 log 



db 



(3J-10) 



Table 3j-3. Values of Transmission Loss T.L. vs. Frequency for Various 
Types of Wall and Floor Construction* 







Aver- 
















Construction 


Weight, 


age, 


128 


256 


512 


1,024 


2,048 


4,096 


Authority! 




lb/sq ft 


128- 
4,096 


cps 


cps 


cps 


cps 


cps 


cps 




Wood studs 2 by 4 in., 16 in. o.c: 




















With lime plaster j in. thick on 




















metal lath 


19.8 


44 


26 


41 


44 


52 


56 


58 


N.B.S. 


With gypsum plaster \ in. thick on 




















4~in. gypsum lath 


15.2 


41 


33 


31 


39 


46 


49 


66 


N.B.S. 


Wood studs, 2 by 4 in., staggered; f-in. 




















gypsum plaster on metal lath 


19.8 


50 


44 


47 


47 


50 


52 


63 


N.B.S. 


Staggered wood studs 1 by 3 in., j-in. 




















plywood glued to both sides 


2.6 


26 


14 


20 


28 


33 


40 


30 


N.B.S. 


Two sets of 2- by 2-in. wood studs, 




















\-\x\. plywood sheet inserted in 4-in. 




















space between studs, 4-in. plywood 




















faces, slightly compressed paper- 




















backed mineral wood inserted in 




















both air spaces, total panel thickness 




















4f in 


5.1 


37 


20 


31 


37 


41 


49 


50 


N.B.S. 


Steel studs, 3 in., 16 in. o.c, f-in. gyp- 




sum plaster on expanded metal lath. 


19.6 


37 


30 


28 


35 


40 


43 


53 


N.B.S. 


Brick, laid on edge; gypsum plaster on 




















both sides 


31.6 


42 




40 


37 


49 


59 




N.B.S. 


Tile, hollow partition, 4 in. thick, 




pumice-cement block, two cells 4 by 




















8 by 16 in., no plaster 


15.5 


11 


8 


5 


9 


14 


19 


17 


N.B.S. 


Same, but one side plastered 


20.4 


35 


31 


27 


35 


36 


40 


47 


N.B.S. 


Same, but both sides plastered 


25.3 


37 


32 


34 


36 


39 


42 


52 


N.B.S. 


Cinder block, hollow partition 3 by 8 




















by 16 in., plaster on both sides 


32.2 


45 


34 


37 


42 


51 


57 


64 


N.B.S. 


Multiple-block partition; two leaves, 




















each of 3-in. hollow blocks, sepa- 




















rated by 2-in. cavity and built on 




















opposite sides of gap separating 




















rooms; outer faces plastered (two 




















partitions of nominally the same 




















construction) 


28 


9 


54 


38 


47 


49 


69 


77 


N.P.L. 


Wood joints, 2 by 8 in., ^-in. fiber- 




















board lath and ^-in. gypsum plaster 




















ceiling; 1-in. pine subflooring and 




















1-in. pine finish flooring 


14.3 


45 


23 


34 


47 


55 


54 


69 


N.B.S. 


Same joists and ceiling as above; 1-in. 




















pine subfloor; ^-in. fiberboard, 1-by 




















3-in. sleepers, and 1-in. pine finish 




















floor 


16.2 


50 


30 


37 


50 


57 


65 


79 


N.B.S. 







* For the average values for other types of construction, and for windows and doors, also see Fig. 3j-7. 
t N.B.S. denotes National Bureau of Standards; N.P.L. denotes National Physical Laboratory. 
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According to this equation, which should be regarded as an engineering approximation 
to actual conditions, if the absorption in a room is increased by a factor of 4 the noise 
reduction will be 6 db. It shows that the addition of absorption level in a room will 
provide substantial noise reduction in average level in a room that is relatively bare 
but little decrease level in a highly damped room. The reduction will be different at 
different frequencies since the total absorption is a function of frequency. However, 
it is sometimes convenient to employ the noise-reduction coefficient of a material to 
obtain a single noise-reduction figure. Besides reducing the steady-state level, the 
addition of absorptive treatment in a room also provides beneficial effects by reducing 
the reverberation time in the room and by localizing the source of noise to the area in 
which it originates — thereby minimizing unexpected noises. 

Table 3j-4. Recommended Acceptable Average Noise Levels in 
Unoccupied Rooms* 

Decibels 

Radio, recording, and television studios 25-30 

Music rooms 30-35 

Legitimate theaters . 30-35 

Hospitals 35-40 

Motion-picture theaters, auditoriums 35-40 

Churches 35-40 

Apartments, hotels, homes 35-45 

Classrooms, lecture rooms 35-40 

Conference rooms, small offices 40-45 

Courtrooms 40-45 

Private offices 40-45 

Libraries 40-45 

Large public offices, banks, stores, etc 45-55 

Restaurants 50-55 

The levels given in this table are " weighted"; i.e., they are the levels measured with a standard sound- 
level meter incorporating an "A" (40-db) frequency- weighting network. 

* V. O. Knudsen and C. M. Harris, "Acoustical Designing in Architecture," John Wiley & Sons, Inc., 
New York, 1950. 

3j-6. Acceptable Noise Levels for Various Types of Room. Table 3j-4 gives values 
of recommended acceptable average noise levels for unoccupied rooms with the ventila- 
tion system in operation. These values are used for design purposes, for example, in 
computing the amount of over-all noise insulation that should be provided for a room. 
They hold for typical room-noise spectra. Although even lower noise levels than those 
which are listed may provide some advantage under certain circumstances, and may 
be desirable if cost is not a factor, this table gives values which represent a combination 
of acceptability and economic practicality. For certain types of room the values 
which are recommended are lower than those which are commonly found. 



3k. Speech and Hearing 

EDWIN B. NEWMAN 1 
Harvard University 



The data concerning hearing are, without exception, empirical in derivation. Con- 
sequently, the values reported always represent some parameter of a population, most 
often a mean, and the reader is warned to bear constantly in mind the many sources 
of variability that attach to any particular measurement. 



3k-l. Physical Dimensions of the Ear 



Table 3k-l. Physical Dimensions of the Ear* 



Pinna: 

Mean length, young men, 65.0 mm 
Range, 52-79 mm 
Auditory meatus: 

Cross section, 0.3-0.5 cm 2 
Diameter, 0.7 cm 
Length, 2.7 cm 
Volume, 1.0 cc 
Tympanic membrane: 

Area, 0.5-0.9 cm 2 (roughly circular) 

Thickness, about 0.1 mm 

Volume elasticity for 10 cps, equivalent 

to about 8 cc air 
Displacement amplitude for 1,000-cps 

tone (at threshold), 10~ 9 cm 
Displacement amplitude for low-fre- 
quency tones (threshold of feeling), 
about 10~ 2 cm 



Middle ear: 

Total volume, about 2 cc 

Malleus : 

Weight, 23 mg 
Length, 5.5-6.0 mm 

Incus: weight, 27 mg 

Stapes : 

Weight, 215 mg 
Length of footplate, 3.2 mm 
Width of footplate, 1.4 mm 
Area of footplate, 3.2 mm 2 
Width of elastic ligament, 0.015- 
0.1 mm 
Cochlea : 

Length of cochlear channels, 35 mm 

Height of scala vestibuli or scala tym- 
pani, about 1 mm (great variability) 

Round window: area, 2 mm 2 

Basilar membrane: 
Width at stapes, 0.04 mm 
Width at helicotrema, 0.5 mm 

Helicotrema: area of opening, 0.25- 
0.4 mm 2 



* S. S. Stevens, ed., "Handbook of Experimental Psychology, 
1951. 



' John Wiley & Sons, Inc., New York, 



3k-2. Acoustic Impedance of the Ear. Reasonable agreement on measurements 
below 1,000 cps has been obtained. The reference point for measurements is just 

1 This section benefited from the advice and assistance of Dr. S. S. Stevens and Mrs. 
Nancy C. Waugh. 
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Table 3k-2. Acoustic Impedance of the Ear in Acoustic Ohms, Measured 
Just within the Meatus 



Frequency 


Total impedance 


Resistive component 


Reactive component 


250 
350 
500 
700 
1,000 


200 

150 

125 

70 

55 


50 

40 

35 

25. 

25 


-190 

-145 

-115 

-65 

-50 



Above 1,000 cycles, measurements depend increasingly on the method of measurement. 

Table 3k-3. Minimum Audible Pressure at Entrance to External Ear 
Canal (MAC), in Decibels SPL 





Frequency 




80 


125 


250 


500 


1,000 


2,000 


4,000 


6,000 


8,000 


10,000 


Threshold 


43.5 


30.0 


18.5 


11.5 


9.0 


8.0 


9.5 


13.0 


17.0 


21.0 



The following corrections may be applied if it is desired to find thresholds for other 
conditions : 



a. MAC to Threshold Pressure at Eardrum a 












Frequency 




125 


250 


500 


1,000 


2,000 


4,000 


6,000 


8,000 


10,000 


Add 


0.0 


0.0 


-0.5 


-1.0 


-4.5 


-10.5 


-4.0 


-2.5 





b. MAC to Equivalent Coupler Calibration of Various Earphones 





Frequency 




125 


250 


500 


1,000 


2,000 


4,000 


6,000 


8,000 


10,000 


Coupler 


Add for 






















PDR-8 with 






















MX-41/AR 


+8.0 


+4.0 


+0.5 


+1.0 


+ 1.5 


+4.5 


+ 12.0 


-3.0 




NBS-9A 


Add for WE 






















705A 


+13.0 


+4.0 


+0.5 


+ 1.0 


+4.5 


+5.0 


-0.5 


-7.0 




NBS-9A 


Add for STC 






















4026A 


+ 14.5 


+ 11.0 


+0.5 


-3.5 


+ 1.0 


+0.5 


-4.0 


-7.5 




NPL & 



a F. M. Wiener and D. A. Ross, The Pressure Distribution in the Auditory Canal in a Progressive 
Sound Field, J. Acoust. Soc. Am. 18, 401-408 (1946). 

b L. J. Wheeler and E. D. D. Dickson, The Determination of the Threshold of Hearing, J. Laryngol. 
Otol. 66, 379-395 (1952). 

<= E. L. R. Corliss, R. F. Brown, Jr., M. D. Burkhard, R. P. Thompson, Jr., and J. F. Mullen, Methods 
for Calibration of Hearing Diagnostic Instruments, Natl. Bur. Standards (U.S.) Rept. 1470, 1-43 (1952). 
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Table 3k-3. Minimum Audible Pressure at Entrance to External Ear 
Canal (MAC), in Decibels SPL (Continued) 
c. MAC to Free Field (MAF) (plane wave, 0° azimuth in absence of head)** 





Frequency 




125 


250 


500 


1,000 


2,000 


4,000 


6,000 


8,000 


10,000 


Add 


+ 1.0 


+0.5 


-2.0 


-4.0 


-11.0 


-12.5 


-7.0 


-3.0 






— 3.0 



d. Mean Monaural to Mean Binaural Listening 6 










Frequency 








125-2,000 


4,000 


6,000 


8,000 


10,000 


Add 


-2.0 


-3.0 


-4.0 


-5.0 






— 6.0 



e. Kelerence Age Group (18-25) to Older Age Groups' 




Frequency 




125-1,000 


2,000 


4,000 


6,000 


8,000 


10,000 


Add for: 

Men 30-39 


+1.0 
+2.0 
+5.0 
+ 1.0 
+3.0 
+5.0 


+2.0 
+5.0 
+ 13.0 
+2.0 
+5.0 
+9.0 


+5.0 

+ 13.0 

+27.0 

+3.0 

+6.0 

+ 13.0 


+6.0 

+ 13.0 

+32.0 

+4.0 

+8.0 

+ 18.0 


+6.0 

+ 11.0 

+35.0 

+4.0 

+9.0 

+20.0 


+7.0 

+ 13.0 

+35.0 

+4.0 

+9.0 

+22.0 


Men 40-49 


Men 50-59 


Women 30-39 

Women 40-49 

Women 50-59.. 



— 't «— — «^x«x^ u «""w iiwuB, ./. Acown. ooc. Am. «, Z8S-3Z1 

• H. Fletcher, "Speech and Hearing in Communication," p. 131, D. Van Nostrand Company Inc 
New York, 1953. *' *' 

/J. C. Steinberg, H. C. Montgomery and M. B. Gardner, Results of the World's Fair Hearinc Tests 
J. AcousL Soc. Am. 12, 291-301 (1940); J. C. Webster, H. W. Himes, and M. Lichtenstein, San Diego 
County Fair Hearing Survey, J. Acoust. Soc. Am. 22, 473-483 (1950). 

within the external meatus. The values in Table 3k-2 are representative but are 
subject to wide variations among individuals. 1 

3k-3. Minimum Audible Sound. The best recent measurements use as their point 
of reference the sound pressure level of a tone, heard one-half the time, and measured 
at the entrance to the external meatus. The observations were made on healthy 
young men, eighteen to twenty-five years of age, tested individually with earphones, 
one ear at a time. Sound pressures were determined with a probe-tube microphone 
and are given in decibels above 0.0002 dyne /cm 2 . N = 1,200 ears. 2 

i E. Waetzmann and L. Keibs, Horschwellenbestimmungen mit dem Thermophon und 
Messungen am Trommelfell, Ann. Physik 26, 141-144 (1936); O. Metz, The Acoustic 
Impedance Measured on Normal and Pathological Ears, Acta Oto-Laryngol Suppl 63 
1-254 (1946); A. H. Inglis, C. H. G. Gray, and R. T. Jenkins, A Voice and Ear for Tele- 
phone Measurements, Bell System Tech. J. 11, 293-317 (1932). 

2 R. S. Dadson and J. H. King, A Determination of the Normal Threshold of Hearing 
and Its Relation to the Standardization of Audiometers, J. Laryngol. Otol. 66, 366-378 
(1952) ; L. J. Wheeler and E. D. D. Dickson, The Determination of the Threshold of 
Hearing, J. Laryngol. Otol. 66, 379-395 (1952). 
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3k-4. Threshold of Feeling or Discomfort. The upper limit for a tolerable intensity 
of sound rises substantially with increasing habituation. Moreover, a variety of sub- 
jective effects are reported, such as discomfort, tickle, pressure, and pain, each at a 
slightly different level. As a simple engineering estimate it can be said that naive 
listeners reach a limit at about 125 db SPL and experienced listeners at 135 to 140 db. 
These are over-all measures of sound falling within the audible range and are roughly 
independent of frequency. 

3k-5. Differential Thresholds for Pure Tones and Noise. A differential threshold 
represents a careful determination by laboratory methods of the ability of a subject 



Table 3k-4. Differential Threshold for 


[ntensity, in 


Decibels 


Sensation level, 


Pure tones, frequency in cps 


db above absolute 














White 
noise 


threshold 


35 70 


200 


1,000 


4,000 


7,000 


10,000 


5 




4.75 


3.03 


2.48 


4.05 


4.72 


1.80 


10 1 


r.24 4.22 


3.44 


2.35 


1.70 


2.83 


3.34 


1.20 


20 ' 


L31 2.38 


1.93 


1.46 


0.97 


1.49 


1.70 


0.47 


30 5 


J. 72 1.52 


1.24 


1.00 


0.68 


0.90 


1.10 


0.44 


40 ] 


L-.76 1.04 


0.86 


0.72 


0.49 


0.68 


0.86 


0.42 


50 


... 0.75 


0.68 


0.53 


0.41 


0.61 


0.75 


0.41 


60 


... 0.61 


0.53 


0.41 


0.29 


0.53 


0.68 


0.41 


70 


... 0.57 


0.45 


0.33 


0.25 


0.49 


0.61 




80 




0.41 


0.29 


0.25 


0.45 


0.57 




90 




0.41 


0.29 


0.21 


0.41 






100 






0.25 


0.21 








110 






0.25 











Table 3k-5. Differential Threshold for Frequency, in AF/F* 



Sensation level, 
db above abso- 


Pure tones, frequency in cps 
















lute threshold 


60 


125 


250 


500 


1,000 


2,000 


4,000 


5 


0.0252 


0.0110 


0.0097 


0.0065 


0.0049 


0.0040 


0.0077 


10 


0.0140 


0.0060 


0.0053 


0.0035 


0.0027 


0.0022 


0.0042 


15 


0.0092 


0.0040 


0.0035 


0.0024 


0.0018 


0.0014 


0.0028 


20 


0.0073 


0.0032 


0.0028 


0.0019 


0.0014 


0.0012 


0.0022 


30 




0.0032 


0.0028 


0.0019 


0.0014 


0.0011 


0.0022 



* J. D. Harris, Pitch Discrimination, J. Acoust. Soc. Am. 24, 750-755 (1952). 



to just detect, and report, a difference in any specific property of a sound, all other 
factors presumably being held constant. 

The method for determining the differential threshold for intensity of pure tones 
employed one tone beating with a second tone at 3 beats per second. 1 Much evidence 
is available to support what should be kept always in mind, that thresholds determined 

1 R. R. Reisz, Differential Intensity Sensitivity of the Ear for Pure Tones, Phys. Rev. 
31,867-875 (1928). 
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by other methods are a function of numerous psychological parameters and will differ 
systematically from the values in Table 3k-4. A more conventional method was used 
to determine the thresholds for white noise, with the results given in the last column. 1 

The ability to distinguish pitch is subject to a greater range of individual variability 
than other functions reported here. The data given are for three trained listeners and 
have been smoothed in both directions. Untrained listeners usually require a greater 
frequency difference than that reported here. Note also that individual listeners 
commonly show idiosyncrasies at particular frequencies. 

3k-6. Masking. Masking refers to our inability to hear a weak sound in the 
presence of a louder sound. It is usually measured by the amount of change in the 
threshold of the weaker sound, i.e., how much more intense must the weak sound be 
made in order to be heard over the masking sound, than it needed to be when the 
masking sound was not present. The masking of one pure tone by another is a com- 
plex function of the particular frequencies and of the absolute level of the respective 
tones. See any standard text on hearing for the curves describing this relationship. 

The masking of a pure tone by a noise with a reasonably flat and continuous spec- 
trum is a linear function (except at levels below 10 db) of the total intensity within a 
"critical band" centered on the masked tone. The width of the critical band of 
frequencies whose total energy is just equal to the energy of the masked tone is given 
by Table 3k-6. 

Table 3k-6. Width of "Critical Band" AF as a Function of Center 
Frequency F (10 log AF)* 





Frequency 




100 


250 


500 


1,000 


2,000 


4,000 


8,000 


10,000 


AF, db 


19.4 


17.1 


17.1 


18.0 


19.9 


23.1 


27.7 


29.2 



* N. R. French and J. C. Steinberg, Factors Governing the Intelligibility of Speech Sounds, J. Acoust. 
Soc. Am. 19, 90-119 (1947). 



The masking of one continuous noise by another can be thought of as a case of 
differential sensitivity to change in the intensity of a noise (see last column of Table 
3k-4). Thus, above 40 db SPL, if a weak noise is more than 10 db less intense than a 
very similar masking noise, the weak noise will not be heard; its presence or absence 
does not produce a discriminable difference in intensity. If the spectral composition 
of the two noises, masking and masked, are quite different, then the critical-band 
concept must be employed. 

3k-7. Sounds of Short Duration. Acoustic disturbances of very short duration, 
i.e., less than 0.0001 sec, are heard only to the extent that they transmit energy to the 
ear. Short pulses at ultrasonic frequencies are generally not heard unless they are 
rectified. Impulse or step functions excite- the ear, but not efficiently. 

At the opposite extreme, tones, or continuous noise, of duration greater than from 
0.2 to 0.5 sec, are generally heard independently of duration. Between these limits 
relatively complex relations are found. 2 

As a first approximation for both tones and noise, the effective intensity of short 
sounds is a function of total energy integrated over the duration of the sound. More 

1 G. A. Miller, Sensitivity to Changes in the Intensity of White Noise and Its Relation 
to Masking and Loudness, J. Acoust. Soc. Am. 19, 609-619 (1947). 

2 S. S. Stevens, ed., "Handbook of Experimental Psychology," pp. 1020-1021, John 
Wiley & Sons, Inc., New York, 1951. 
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accurately, the threshold is defined by 1 



It = kIV>* 



(3k-l) 



For some short tones and for many types of impulse noise, account must be taken of 
the frequency distribution of energy. Inasmuch as the ear varies in sensitivity as a 
function of frequency, any change in the shape or duration of a short acoustic pulse 
will also change its effectiveness because of the altered spectral composition. 

3k-8. Loudness. Loudness and pitch are ways in which a listener reacts to sounds. 
Furthermore, within limits, a listener can use numbers to describe how much of a 
response he makes to the sound. These numbers usefully describe how loud, or how 
high in pitch, a sound seems to be. It is then necessary to relate how loud it is (sub- 
jective response) to how intense it is in physical terms. The loudness of a pure tone 
of 1,000 cps is described by the following relationship: 



log L = 0.0301 AT - 1.204 



(3k-2) 



in which L is the loudness measured in sones and N is the loudness level in phons 
(equal to the sound pressure level of the tone in decibels above 0.0002 dyne /cm 2 ). 2 
Another way of putting this is to say that loudness doubles for each 10-db change in 
sound pressure level. 

Table 3k-7. Loudness Level as a Function of Sound Pressure Level 

and Frequency* 



Sound pressure 


Frequency 


level 


125 


250 


500 


1,000 


2,000 


4,000 


8,000 


10,000 


10 








10.0 


18.0 


18.0 






20 




6.3 


16.0 


20.0 


28.0 


28.0 


11.0 




30 


4.0 


18.0 


26.5 


30.0 


37.0 


36.5 


20.5 


17.0 


40 


17.0 


31.0 


38.5 


40.0 


45.5 


45.0 


29.5 


26.0 


50 


34.0 


45.5 


52.0 


50.0 


55.0 


54.0 


38.0 


35.0 


60 


52.0 


59.5 


64.5 


60.0 


64.0 


63.5 


47.0 


43.5 


70 


70.0 


72.5 


76.0 


70.0 


73.5 


72.5 


56.0 


53.5 


80 


86.0 


84.5 


86.0 


80.0 


84.5 


83.0 


66.0 


63,5 


90 


98.0 


95.5 


96.0 


90.0 


95.0 


94.5 


77.0 


73.5 


100 


108.0 


105.5 


105.0 


100.0 


106.0 


106.0 


88.0 


85.5 


110 


118.0 


115.5 


113.0 


110 


117.0 


117.5 


101.5 


98.0 



* American Standard for Noise Measurement, ASA Z24.2 — 1942. 

There is some evidence that the loudness of a noise grows more rapidly than that 
of a tone with an increase in sound pressure level, especially at low levels. The exact 
relations are less well known than those for a tone. 

The loudness of tones at other frequencies than 1,000 cps is given by determining 
the loudness level in the manner described below and converting to tones by Eq. (3k-2). 

3k-9. Loudness Level. The loudness level of a tone of 1,000 cps, expressed in 
phons, is defined as the sound pressure level in decibels above the reference level of 
0.0002 dyne/cm 2 . 

The loudness level of tones of other frequencies is given by the empirical relations in 
Table 3k-7. 

1 D. B. Yntema, "The Probability of Hearing a Short Tone Near Threshold," Ph.D. 
Dissertation, Harvard University, 1954, 43 pp. 

2 S. S. Stevens, The Measurement of Loudness, J. Acouat. Soc. Am. 27, 815-829 (1955). 
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Note that this table is based on the ASA standard and presumes the "free-field" 
measurement of sound pressure. This requires a measurement of a plane progressive 
wave at the listener's position before the listener is placed in the field. More meaning- 
ful measurements would doubtless be obtained from pressure measurements at the 
ear. For this purpose, apply the corrections contained in Table 3k-3c to the ear canal 
pressures before entering Table 3k-7. 

To enter the table with sound pressure levels measured under other conditions, first 
add the corrections in Table 3k-3c, then subtract rather than adding corrections in 
Tables 3k-3a through 3k-3d. Note, however, that corrections given for presbycusis 
in Table 3k-3e may give quite misleading results because of recruitment at high 
frequencies in some elderly people. 

3k-10. Pitch. The relation between frequency and the subjective magnitude of 
perceived pitch is shown by Table 3k-8. By definition, the pitch of a tone of 1,000 cps 
at 40 db SPL is 1,000 mels. 1 

Table 3k-8. Pitch of a Pure Tone, in Mels, as a Function of Frequency 



Frequency 


Mels 


Frequency 


Mels 


Frequency 


Mels 


20 





350 


460 


1,750 


1,428 


30 


24 


400 


508 


2,000 


1,545 


40 


46 


500 


602 


2,500 


1,771 


60 


87 


600 


690 


3,000 


1,962 


80 


126 


700 


775 


3,500 


2,116 


100 


161 


800 


854 


4,000 


2,250 


150 


237 


900 


929 


5,000 


2,478 


200 


301 


1,000 


1,000 


6,000 


2,657 


250 


358 


1,250 


1,154 


7,000 


2,800 


300 


409 


1,500 


1,296 


10,000 


3,075 



3k-ll. Localization of Sound. The localization of complex sounds is primarily a 
function of time differences of arrival at the two ears, and, to a first approximation, 
such differences may be calculated by assuming the ears on either end of the diameter 
of a sphere of 7.5 cm radius. 

The localization of tones of low frequency (below 1,500 cps) is possible on the basis 
of phase differences, which may be interpreted in terms of time differences. "* 

The localization of tones of high frequency is possible on the basis of intensity - 
differences resulting from the sound shadow of the head. Exact measurements here 
are difficult at best. 

Sound localization is greatly aided when the head or body can be rotated, or moved 
about, in the sound field, while the observer hears the appropriate sequence of sounds. 3 

Sound localization in reverberant rooms or with so-called "stereophonic-sound 
sources" depends critically upon a "precedence effect," by which the localization 
determined by the primary sound or sound from the nearer of two sound sources is 
overriding in its effect. 3 

In experiments where time differences are used to balance out intensity differences' 

1 S. S. Stevens and J. Volkmann, The Relation of Pitch to Frequency: a Revised Scale. 
Am. J. Psychol. 53, 329-353 (1940). 

2 H. Wallach, Ueber die Wahrnehmung der Schallrichtung, Psychol. Forsch. 22, 238-266 
(1938). 

3 H. Wallach, E. B. Newman, and M. R. Rosenzweig, The Precedence Effect in Sound 
Localization, Am. J. Psychol. 62, 313-336 (1949). 
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in the opposite direction, 1.0 X 10~ 6 sec priority offsets a 6-db difference in intensity; 
2.3 X 10~ 5 sec offsets a 14-db difference in intensity between the two ears. 1 

3k-12. Speech Power. The total radiated speech power, averaged over a 15-sec 
interval for a sample including both men and women at conversational levels used for 
telephone talking, has been estimated as 32 microwatts. 

When measured at the face of a telephone transmitter, this power produces the 
sound pressure levels given in Table 3k-9 for different distances from the mouth of the 
speaker. 2 



Table 3k-9. Average Sound Pressure Level Produced by Conversational 
Speech as a Function of Distance from Lips to Microphone 





Distance, cm 




Touching 


0.5 


1.0 


2.5 


5.0 


10.0 


25.0 


50.0 


100.0 


Sound pressure level 


104 


102 


99 


95 


90 


85 


78 


72 


66 



A second source of variability lies in the essentially statistical distribution of speech 
power in time. If speech power is measured in successive -|-sec intervals (a time 
slightly shorter than a syllable, and slightly longer than a phoneme), a distribution is 
obtained with the mean values given in Table 3k-9 and variability that can be 
attributed to time sampling equal to a standard deviation of 7.0 db. 3 The distribution 
is badly skewed so that the value 7.0 db indicates only a rough order of magnitude. 
The variability is also greater when particular frequency bands are measured. 

A third source of variability is the variation in effort expended by the person who is 
talking. As a rough approximation, a raised voice level is 6 db above conversational 
level, the loudest level that can be maintained is 12 db above conversational level, and 
the loudest shout is 18 db above conversational level. In the other direction, a 
whisper may be 20 db below conversational level. 



1 J. H. Shaxby and F, H. Gage, Studies in the Localization of Sound. A. The Localiza- 
tion of Sounds in the Median Plane: An Experimental Investigation of the Physical 
Processes Concerned, Med. Research Council (Brit.) Spec. Rept. Ser. no. 166 (1932), 32 pp. 

2 M. H. Abrams, S. J. Goffard, J. Miller, F. H. Sanford, and S. S. Stevens, The Effect 
of Microphone Position on the Intelligibility of Speech in Noise, OSRD Rept. 4023 (1944), 
16 pp. 9 

3 H. K. Dunn and S. D. White, Statistical Measurements on Conversational Speech, 
' J. Acoust. Soc. Am. 11, 278-288 (1940). 
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3k-13. Speech Sounds 

Table 3k-10. Characteristics of Sounds in General American Speech 





Example 


Power,* db re 
long time 
average t 


Relative 

frequency of 

sound, %% 


Formant frequencies 
for men and women ^f 


Symbol 


First 


Second 


Third 




M 
300 


W 
370 


M 


W 


M 


W 


u 


cool 


+0.6 


1.60 


870 


950 


2,240 


2,670 


u 


eook 


+2.3 


0.69 


440 


470 


1,020 


1,160 


2,240 


2,680 





cone 


+2.5 


0.33 


500 




820 








- .0. ,* . 


talk 


+4.1 


1.26 


570 


590 


840 


920 


2,410 


2,710 


D 

a 


cloth V 
calm I 


+3:7 


J2.81) 
|0.49[ 


730 


850 


1,090 


1,220 


2,440 


2,810 


a 
ae 


— / 
askj 

bat] 


+2.5 


1 ; 
3.95 


660 


860 


1,720 


2,050 


2,410 


2,850 


8 


bet 


+1.6 


3.44 


530 


610 


1,840 


2,330 


2,480 


2,990 


e 


tape 


+1.4 


1.84 














i 


bit 


0.0 


8.53 


390 


430 


1,990 


2,480 


2,550 


3,070 


i 


beet 


0.0 


2.12 


270 


310 


2,290 


2,790 


3,010 


3,310 


ac 


bird 


-0.5 


0.53 


490 


500 


1,350 


1,640 


1,690 


1,960 


8 


sofa 




4.63 














A 


bun 


+2.9 


2.33 


640 


760 


1,190 


1,400 


2,390 


2,780 


ei 


laid 


+ 1.4 


see e 














ai 


bite 


+2.5 


1.59 














ju 


you 


+0.6 


0.31 














ou 


soap 


+2.5 


1.30 














au 


about 


+2.3 


0.59 














01 


boiT 


+3.0 


0.09 















* The power measurements do not represent the peak instantaneous power but the average over the 
sustained portion of the phoneme where such a period can be denned. In this case, as with the formant 
frequencies, the absolute values are highly variable, but intercomparisons among the various sounds are 
generally more reliable. 

t H. Fletcher, "Speech and Hearing in Communication," p. 86, D. Van Nostrand Company, Inc., 
New York, 1953. 

X G. Dewey, " Relative Frequency of English Speech Sounds," Harvard University Press, Cambridge, 
Mass., 1923. 

If E. G. Richardson, ed., "Technical Aspects of Sound," pp. 215-217, Elsevier Press, Inc., New York, 
1953. 
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Table 3k-10. Characteristics of Sounds in General 
American Speech (Continued) 



Symbol 


Example 


Power,* db 

re long time 

average f 


Relative 

frequency of 

sound, %% 


Formant frequencies 
for men and women ^ 


First 


Second 


Third 


Fourth 


1 


iip 


-3.0 


3.74 


450 


1,000 


2,550 


2,950 


m 


me 


-5.8 


2.78 


140 


1,250 


2,250 


2,750 


n 


nip 


-7.4 


7.24 


140 


1,450 


2,300 


2,750 


rj 


sing 


-4.4 


0.96 


140 


2,350 


2,750 




w 
r 


we 
rip 


0.C 
-1.0 


2.08 
6.35 


500 


1,350 


1,850 


3,500 


i 

P 
t 


yes 
pie 
tie 


0.0 
-15.2 
-11.2 


0.60 
2.04 
7.13 


270 


2,040 

800 

1,700 


1,350 
2,450 




k . 
b 
d 
g 

V 

f 


key 

by 

die 

guy 

vie 

foe 


-11.9 
-14.6 
-14.6 
-11.2 
-12.2 
-16.0 


2.71 
1.81 
4.31 
74 

2.28 
1.84 


140 
140 
140 
140 


Variable 
800 
1,700 

Variable 
1,150 
1,150 


1,350 
2,450 

2,500 
2,500 


3,650 
3,650 


6 


thin 


-23.0 


0.37 




1,450 


2,550 




s 
z 


then 

sip 

is 


-12.6 
-11.0 
-11.0 


3.43 
4.55 
2.97 


140 
140 


1,450 
2,000 
2,000 


2,550 
2,700 
2,700 




s 


shy 


-4.0 


0.82 




2,150 


2,650 




3 


measure 


-10.0 


0.05 


140 


2,150 


2,650 




h 


hit 


-13.0 


1.81 










tS 

d 3 


chop 
Joe 


-6.8 
-9.4 


0.52 
0.44 











* The power measurements do not represent the peak instantaneous power but the average over the 
sustained portion of the phoneme where such a period can be defined. In this case, as with the formant 
frequencies, the absolute values are highly variable, but intercomparisons among the various sounds are 
generally more reliable. 

t H. Fletcher, "Speech and Hearing in Communication," p. 86, D. Van Nostrand Company, Inc., 
New York, 1953. , , tt . . n .„ ,,, 

t G. Dewey, " Relative Frequency of English Speech Sounds, Harvard University Fress, Cambridge, 

Mass., 1923. , „ T ' _ „ . 

f E. G. Richardson, ed., "Technical Aspects of Sound," pp. 215-217, Elsevier Press, Inc., New York, 

1953. 



3k-14. Articulation Index. The articulation index is a set of numbers that makes 
possible the prediction of the efficiency of some types of voice-communication systems 
by the addition of suitably chosen values. The operations involve (1) dividing the 
speech spectrum into a series of bands having an equal possible contribution A A to the 
total efficiency, and (2) determining what proportion of the AA each band will con- 
tribute under the particular noise and speech conditions being tested. 
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Under (1) it is customary to use no more than 20 such bands. The frequency limits 
of 20 such bands are given in Table 3k-lL 

Table 3k-ll. Twenty Frequency Bands Contributing Equally to 
Efficiency of Speech Communication* 



Band 


Frequency 


Band 


Frequency 


Band 


Frequency 


No. 


range 


No. 


range 


No. 


range 


1 


395 


8 


1,250-1,425 


15 


2,930-3,285 


2 


395-540 


9 


1,425-1,620 


16 


3,285-3,700 


3 


540-675 


10 


1,620-1,735 


17 


3,700-4,200 


4 - 


- -676-810 


11 


1,735-2,075 


18 


4,200-4,845 


5 


810-950 


12 


2,075-2,335 


19 


4,845-5,790 


6 


950-1,095 


13 


2,335-2,620 


20 


5,790 


7 


1,095-1,250 


14 


2,620-2,930 







Vr*, H \SS tcher ' " S P eech and Hearing in Communication,'* D. Van Nostrand Company, Inc. New 
York, 1953. *' 

For conditions where substantial wide-band noise is present, the second requirement 
may be approximated by the formula 

u>i = inr(S< - Ni -f 6) ' (3k-3) 

in which wi is a weight having a maximum value of 1.0, S t is the signal level in band i 
in decibels, N 4 is the noise level in the same band i in decibels referred to the same 
base as S*. 1 

Table 3k-12. Articulation Scores as a Function of Articulation Index* 



Articulation 


CVC 


Monosyllabic 


index 


syllables, % 


words (PB lists), % 


0.10 


7 


7 


0.20 


22 


22 


0,30 


38 


40 


0.40 


55 


61 


0.50 


68 


77 


0.60 


79 


87 


0.70 


87 


93 


0.80 


93 


96 


0.90 


96 


98 


1.00 


98 


99 



* E. G. Richardson, ed., "Technical Aspects of Sound," Elsevier Press, Inc., New York, 1953. 
The articulation index A is then described by the summation 



i = n 

=-y 

n Li 



(3k-4) 



t = i 



Articulation scores are related to the articulation index according to the Table 
3k-12. 

i N. R French and J. C. Steinberg, Factors Governing the Intelligibility of Speech 
Sounds, J. Acoust. Soc. Am. 19, 90-119 (1947). 
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Analogies are useful when it is desired to compare an unfamiliar system with one 
that is better known. The relations and actions are more easily visualized, the 
mathematics more readily applied,, and the analytical solutions more readily obtained 
in the familiar system. Analogies make it possible to extend the line of reasoning into 
unexplored fields. In view of the tremendous amount of study which has been 
directed toward the solution of circuits, particularly electric circuits and the engineer s 
familiarity with electric circuits, it is logical to apply this knowledge toihe solutions 
of vibration problems in other fields by the same theory as that used m the solution of 
electric circuits. The objective in this section is the establishment of analogies 
between electrical, mechanical, and acoustical systems. ,■.'.*. tU *v,„ 

31-1 Resistance. Electric Resistance. Electric energy is changed into heat by the 
passage of an electric current through an electric resistance. Electric resistance R E , 
in abohms, is defined as 

■*.-?■ (a- 1 ) 

% 

where e = voltage across the electric resistance, abvolts 
i = current through the electric resistance, abamp 
Mechanical Rectilineal Resistance. Mechanical rectilineal energy is changed into 
heat by a rectilinear motion which is opposed by mechanical rectilineal resistance 
(friction). Mechanical rectilineal resistance (termed mechanical resistance when 
there is no ambiguity) Rm, in mechanical ohms, is defined as 

fi M =& (31-2) 

u 

where fu = applied mechanical force, dynes 

u = velocity at the point of application of the force, cm/sec 
Mechanical Rotational Resistance. Mechanical rotational energy is changed into 
heat by a rotational motion which is opposed by a rotational resistance (rotational 
friction). Mechanical rotational resistance (termed rotational resistance when there 
is no ambiguity) Rr, in rotational ohms, is defined as 

**-£ (31 " 3) 

where f« = applied torque, dyne-cm 

a ■- angular velocity about the axis at the point of the torque, radians/sec 
Acoustic Resistance. Acoustic energy is changed into heat either by a motion in a 
fluid which is opposed by acoustic resistance due to a fluid resistance incurred by 
viscosity or by the radiation of sound. Acoustic resistance R A , in acoustical ohms, ,s 

defined as 

3-134 



CLASSICAL ELECTEO-DYNAMICAL ANALOGIES 3-135 

" B 4 =Jj (31-4) 

where p = pressure, dynes /sq cm 

U = volume velocity, cu cm /sec 
31-2. Inductance, Mass, Moment of Inertia, Inertance. Inductance. Electro- 
magnetic energy is associated with inductance. Inductance is the electric-circuit 
element that opposes a change in current. Inductance L, in abhenrys, is defined as 

T di 
e=L di ( 31 - 5 ) 

where e = voltage, emf , or driving force, abvolts 

di 

-77 = rate of change of current, abamp/sec 

Mass. Mechanical rectilineal inertial energy is associated with mass in the mechan- 
ical rectilineal system. Mass is the mechanical element which opposes a change in 
velocity. Mass ra, in grams, is defined as 

x du 

fM "'■ m di ^ 31 " 6 ) 

where -7- = acceleration, cm /sec /sec 
/m = driving force, dynes 
Moment of Inertia. Mechanical rotational energy is associated with moment of 
inertia in the mechanical rotational system. Moment of inertia is the rotational 
element which opposes a change in angular velocity. Moment of inertia I y in gram 
(centimeter) 2 , is defined as 

, ' dQ. 

h==I li (31-7) 

where ~- = angular acceleration, radians /sec /sec ' 
fit = torque, dyne-cm 
Inertance. Acoustic inertial energy is associated with inertance in the acoustic 
system. Inertance is the acoustic element which opposes a change in volume velocity. 
Inertance M, in grams per (centimeter) 4 , is defined as 

P- M ~aT (31-8) 

where -j- = rate of change of volume velocity, cu cm /sec /sec 
p — driving pressure, dynes /sq cm 
31-8. Electric Capacitance, Rectilineal Compliance, Rotational Compliance, 
Acoustic Capacitance. Electric Capacitance. Electric capacitance is associated with 
capacitance. Electric capacitance is the electric-circuit element which opposes a 
change in voltage. Electric capacitance C E) in abfarads, is defined as 

„ de 
* = C *J t (31-9) 

idt= §~ E (3M0) 



CeJ 



where Q — charge on the electrical capacitance, abcoulombs 
e = emf, abvolts 
Rectilineal Compliance. Mechanical rectilineal potential energy is associated with 
the compression of a spring or compliant element. Rectilineal compliance is the 
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mechanical element which opposes a change in the applied force. Rectilineal com- 
pliance (termed compliance when there is no ambiguity) C Ml in centimeters per dyne, 
is denned as 



./*- 



Cm 



(31-11) 



where z = displacement, cm 
Jm ~ applied force, dynes 
Rotational Compliance. Mechanical rotational potential energy is associated with 
the twisting of a spring or compliant element. Rotational compliance is the mechani- 
cal element that opposes a change in the applied torque. Rotational compliance Cr, 
in radians per centimeter per dyne, is denned as 



}R -Cn 



(31-12) 



where <j> = angular displacement, radians 
f R = applied torque, dyne-cm 
Acoustic Capacitance. Acoustic potential energy is associated with the compression 
of a fluid or a gas. Acoustic capacitance is the acoustic element which opposes a 
change in the applied pressure. The acoustic capacitance C A , in (centimeters) 5 per 
dyne, is defined as 

p - ^ (31-13) 

where X = volume displacement, cu cm 
p = pressure, dynes /sq cm 
31-4. Representation of Electrical, Mechanical Rectilineal, Mechanical Rotational, 
and Acoustical Elements. Electrical, mechanical rectilineal, mechanical rotational, 



— 'TRftP 






M 



v»»s»\ 



rr^^^^^^r 







C A 



Vttttttn 



Cm 



-Up *#P 



RECTILINEAL 



ROTATIONAL 



ELECTRICAL ACOUSTICAL MECHANICAL 

Fig. 31-1. Graphical representation of the three basic elements in electrical, mechanical 

rectilineal, mechanical rotational, and acoustical systems. 

and acoustical elements have been defined in the preceding sections. Figure 31-1 
illustrates schematically the three elements in each of the four systems. 

The electrical elements, electric resistance, inductance, and electric capacitance are 
represented by the conventional symbols. 

Mechanical rectilineal resistance is represented by sliding friction which causes 
dissipation. Mechanical rotational resistance is represented by a wheel with a sliding- 
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friction brake which causes dissipation. Acoustic resistance is represented by narrow 
slits which causes dissipation due to viscosity when fluid is forced through the slits. 
These elements are analogous to electric resistance in the electrical system. 

Inertia in the mechanical rectilineal system is represented by a mass. Moment of 
inertia in the mechanical rotational system is represented by a flywheel. Inertance 
in the acoustical system is represented as the fluid contained in a tube in which all the 
particles move with the same phase when actuated by a force due to pressure. These 
elements are analogous to inductance in the electrical system. 

Compliance in the mechanical rectilineal system is represented as a- spring. Rota- 
tional compliance in the mechanical rotational system is represented as a spring. 
Acoustic capacitance in the acoustical system is represented as a volume which acts 
as a stiffness or spring element. These elements are analogous to electric capacitance 
in the electrical system. 

Table 31-1 shows the quantities, units, and symbols in the four systems. 

31-5. Description of Systems of One Degree of Freedom. An electrical, mechanical 
rectilineal, mechanical rotational, and acoustical system of one degree of freedom are 
shown in Fig. 31-2. In one degree of freedom the activity in every element of the 
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Fig. 31-2. Electrical, mechanical rectilineal, mechanical rotation, and acoustical systems of 
one degree of freedom and the current, velocity, angular velocity and volume velocity 
response characteristics. 



system may be expressed in terms of one variable. In the electrical system an electro- 
motive force e acts upon an inductance L, an electric resistance R E , and an electric 
capacitance Ce connected in series. In the mechanical rectilineal system a driving 
force j M acts upon a particle of mass m fastened to a spring of compliance C M and 
sliding upon a plate with a frictional force which is proportional to the velocity and 
designated as the mechanical rectilineal resistance R M . In the mechanical rotational 
system a driving torque f R acts upon a flywheel of moment of inertia / connected to a 
spring or rotational compliance C R and the periphery of the wheel sliding against a 
brake with a frictional force which is proportional to the velocity and designated as 
the mechanical rotational resistance R R . In the acoustical system, an impinging 
sound wave of pressure p acts upon an inertance M and an acoustic resistance R A 
comprising the air in the tubular opening which is connected to the volume or acous- 
tical capacitance C A . The acoustic resistance R A is due to viscosity. 

The differential equations describing the four systems of Fig. 31-2 are as follows: 
Electrical 



Lq + R E q + Q- = #€*" 



(31-14) 
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Mechanical rectilineal 



Mechanical rotational 



Acoustical 



mx + Rmx + t£- ■« Fit**" (3H5) 



/<£ + Rr4> + ^ - F*e*" (31-16) 



MI+M+^=P^ (31-17) 



£7, F Ml Fr, and P are the amplitudes of the driving forces in the four systems. 
E € i»* = e, Fit*"' = fM, Fsfii* 1 = fn and iV«« - p. 

The steady-state solutions of Eqs. (31-14) to (31-17) are: 
Electrical 

'.'._" E* iat _ e 

* * l ~ Re +j»L - (J/coCe) ~'Zb 

Mechanical rectilineal 

Fe*"* fM 



Rm + jom — (J/wCm) Z m 

Mechanical rotational 

Fe^ = h 

+ ~ Rr+J»I -(J/»Cb) z b 
Acoustical 



The vector electric impedance is 



wis 
The vector mechanical rectilineal impedance is 



(31-18) 



(31-19) 



(31-20) 



X " Ra+J»M-U/*Ca) Z a K } 



Z E = Re + Jul - -tt- (31-22) 



Z M = Rm + jom - -^r (31-23) 

(jo Cm 

The vector mechanical rotational impedance is 

Z R = R B +jo>I -4r- (31- 24 ) 

The vector acoustic impedance is 

Z A =.RAi+j»M ^-4r- (31-25) 
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Table 31-1. Quantities, Units, and Symbols for Electrical, Mechanical 
Rectilineal, Mechanical Rotational, and Acoustical Elements 



Electrical 


Mechanical rectilineal 


Quantiy 


Unit 


Sym- 
bol 


Quantity 


Unit 


Sym- 
bol 


Electromotive 












force 


Volts X 10 8 


e 


Force 


Dynes 


Sm 


Charge or 


Coulombs X lO" 1 


Q 


Linear dis- 


Centimeters 


X 


quantity 






placement 






Current 


Amperes X 10 _1 


i 


Linear velocity 


Centimeters 
per second 


x or u 


Electric imped- 


Ohms X 10 9 


Z E 


Mechanical 


Mechanical 


Z M 


ance 






impedance 


ohms 




Electric resist- 


Ohms X 10 9 


Re 


Mechanical 


Mechanical 


Rm , 


ance 






resistance 


ohms 




Electric react- 


Ohms X 10 9 


Xe 


Mechanical 


Mechanical 


Xm 


ance 


\ 




reactance 


ohms 




Inductance . ...... 


Henry X 10 9 


L 


Mass 


Grams 


m 


Electric capaci- 


Farads X 10~ 9 


C E 


Compliance 


Centimeters 


Cm 


tance 








per dyne 




Power 


Ergs per second 


Pe 


Power 


Ergs per second 


Pm 






Mechanical rotational 


Acoustical 


Quantity 


Unit 


Sym- 
bol 


Quantity 


Unit 


Sym- 
bol 


Torque. 


Dyne-centimeter 


fa 


Pressure 


Dynes per 
square centi- 
meter 


V 


Angular 


Radians 


4> 


Volume dis- 


Cubic centi- 


X 


displacement 






placement 


meters 




Angular 


Radians per 


4> or U 


Volume 


Cubic centi- 


XoiU 


velocity 


second 




velocity 


meters per 
second 




Rotational 


Rotational ohms 


Z R 


Acoustic 


Acoustic ohms 


Z A 


impedance 






impedance 






Rotational 


Rotational ohms 


Rb 


Acoustic 


Acoustic ohms 


Ra 


resistance 






resistance 






Rotational 


Rotational ohms 


X B 


Acoustic 


Acoustic ohms 


X a 


reactance 






reactance 






Moment of 


(Gram) (centi- 


I 


Inertance 


Grams per 


M 


inertia 


meter) 2 






(centimeter) 4 




Rotational 


Radians per dyne 


Cr 


Acoustic 


(Centimeter) 5 


Ca 


compliance 


per centimeter 




capacitance 


per dyne 




Power 


Ergs per second 


Pr 


Power 


Ergs per second 

i 


Pa 





3m. The Mobility and Classical Impedance Analogies 1 

FLOYD A. FIRESTONE 
Editor, The Journal of the Acoustical Society of America 



3m-l. Introduction. An analogy is a recognized relationship of consistent mutual 
similarity between the equations and structures appearing within two or more fields 
of knowledge, and an identification and association of the quantities and structural 
elements which play mutually similar roles in these equations and structures, for the 
purpose of facilitating transfer of knowledge of mathematical procedures of analysis 
and behavior of the structures between these fields. 

The theory of analogies is still developing, as evidenced 'by the recent publications 
of Olson, Raymond, Bloch, Trent, Le Corbeiller, Bauer, Beranek, and others (see 
references on page 3-177). This section sets forth the author's recommendations for a 
useful problem-solving technique as presented in his, paper, 'Twixt Earth and Sky 
with Rod and Tube, J. Acoust. Soc. Am. 26, 140 (1954) (abstract only). 

Instead of drawing an analogous electric circuit, the author recommends that 
mechanical and acoustical schematic diagrams be drawn, utilizing the mechanical 
and acoustical symbols shown below. Such a schematic diagram can be drawn 
directly from an inspection of the structure and is a record of our determinations of 
the functions and connections of its parts. The mechanical and acoustical symbols 
here presented are distinctive but similar to their electrical analogues so that their 
shape indicates to one familiar with electrical schematics the algebraic operations 
which are to be performed in the analysis. Then the problem is solved using mechan- 
ical or acoustical units. ^Even if an analogous electric circuit is drawn, there is ad- 
vantage in understanding in detail the mechanical or acoustical analogue of each 
straight line, junction, and element on the diagram, as set forth in the mobility and 
impedance analogy tables which follow. 

Schematic diagrams based on analogies are most useful in solving those mechanical 
and acoustical problems where it is known at the outset that the parts are constrained 
to move in one line only. Problems involving several degrees of freedom for each 
mass require the construction of a separate schematic diagram for each degree of 
freedom, usually with coupling between these diagrams. 

In the mobility analogy, mechanical mobility (complex velocity amplitude divided 
by complex force amplitude) is analogous to electric impedance, velocity to voltage, 
and force to current. In the impedance analogy, mechanical impedance is analogous 
to electric impedance, force to voltage, and velocity to current. 

3m-2. Wires, Rods, and Tubes. In an electric circuit, connections between 
distant terminals are made by slim wires which, when idealized on a schematic 
diagram, are assumed to be free of inductance, resistance, and capacitance to ground. 
Ofttimes a number of wires are soldered together to form a (soldered) junction which 

iThe author wishes to acknowledge with pleasure many interesting and instructive 
conversations on this subject, as well as a voluminous correspondence, with Dr. Horace M. 
Trent. 
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ensures equal voltages at all the terminals connected by the tree of wires. But it 
will also be useful to introduce the isocurrent junction (or electric mesher) which 
ensures equal currents in all the wires coming to it; structurally it is a set of similar 
ideal transformers with one side of each primary grounded and all secondaries con- 
nected in series, the schematic symbol being abbreviated to that of a junction 
with a circle around it indicating the series of secondaries. The isocurrent junction 
is the electric example of that broad class of junctions which we shall call "meshers" 
because they have the effect of connecting all the attached circuits into the same 
mesh. 

In a mechanical system, on the other hand, the connections between distant moving 
terminals are in practice made by either or both of two "slim" devices, rods or tubes. 
Ideally, the rods are free from mass, friction, or compliance. Ideally the hydraulic 
tubes are held stationary and are filled with ideal fluid free from mass, viscosity, or 
compressibility. Of ttimes a number of rods are bolted together to form a rigid 
junction which ensures equal velocities of all the terminals connected by the tree of 
rods. Also, ofttimes a number of tubes are joined in a small common chamber to 
form a hydraulic junction which ensures equal pressures (and forces if all tubes are 
of the same area) at all the terminals connected by the tree of tubes. However, rods 
can be joined in a hydraulic junction which will ensure equal forces in the rods, if the 
rods are provided with equal-area pistons hydraulically connected. Similarly, by 
means of connected pistons, tubes can be joined in a rigid junction. 

Since mechanical systems are customarily connected by two kinds of slim devices 
(rods and tubes) while electric systems are connected by only one kind of slim device 
(wires), it is not possible in general to draw a correct schematic diagram by either 
the mobility or impedance analogies alone which will correspond completely to the 
apparent geometry of the mechanical structure. A mobility schematic is a rod 
diagram (each straight line represents a rod), and it will correspond with the geometry 
of all parts of the mechanical structure which are rigidly connected by rods. An 
impedance schematic is a tubing diagram (each connecting line represents a hydraulic 
tube), and it will correspond with the geometry of all parts of the mechanical structure 
which are hydraulically connected by tubes. 

3m-3. Ground, Earth, and Sky. In a mobility schematic or rod diagram, the 
reference symbol which is analogous to the ground symbol in an electrical wiring 
diagram is a frame of reference called the earth, whereas in an impedance schematic 
or tubing diagram the reference symbol is a force (or pressure) of reference called 
the sky. The sky is the dual of the earth. Structurally, the sky consists of a bowl, 
a lake, or an atmosphere of ideal fluid maintained under a constant pressure of 
reference. In a mobility schematic or rod diagram one terminal of every mass is the 
earth relative to which the velocity of the mass is measured, while in an impedance 
schematic or tubing diagram one terminal of every spring is the sky relative to which 
» the force in the spring is measured; these concepts are necessary in order that either 
type of schematic diagram may be drawn by inspection. The earth has zero mobility 
and infinite mass, while the sky has zero impedance and infinite compliance. 

3m-4. Analogues of the Condenser and the Capacitor. In addition to the mechani- 
cal analogues of the inductor and the resistor, the analogues of two classes of capacitive 
elements must be considered, which we shall distinguish by the names condenser 
and capacitor. The condenser is the parallel-plate device which can be connected 
either in a high wire or to ground, while the capacitor is typified by the isolated sphere 
in free space as discussed in electrostatics, one terminal only being free while the 
other terminal is permanently grounded. 

In the mobility analogy, every mass is analogous to the capacitor, not the con- 
denser, in the sense that one terminal of the mass is the body of the mass while the 
other terminal is always the earth relative to which the velocity of the mass is meas- 
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ured. It is this drawing of an earth symbol near each mass which makes closed 
circuits in a mobility schematic and permits the drawing of a correct rod diagram of 
any rod-connected system in a straightforward intuitive manner. There is also an 
unusual structure called a transinertor which is a combination of two masses and a 
mesher, and which is analogous to the condenser; it can be connected either in series 
with the high rod or to ground. 

In the impedance analogy, every spring is analogous to the capacitor, not the con- 
denser, in the sense that one terminal of the spring is the body of the spring while 
the other terminal is always the sky relative to which the force of the spring is meas- 
ured. It is this drawing of a sky symbol near each spring which makes closed circuits 
in an impedance schematic and permits the drawing of a correct tubing diagram of 
any tube-connected system in a straightforward intuitive manner. 

3m-5. The Dotted Arrow. Alongside each rod diagram is drawn a dotted arrow, 
usually toward the right, which indicates the direction of motion which is considered 
positive. This is analogous to marking the plus and minus signs on our voltmeters. 
A solid arrow superimposed on a rod indicates the direction in which impulse is 
flowing, such as would increase the momentum of a mass in the direction of the dotted 
arrow. If the solid arrow is in the direction of the dotted arrow, the rod is in com- 
pression; if the arrows are in opposite directions, the rod is in tension; if the arrows 
are at right angles, the rod is in shear. In a rotational system, the rotational velocity 
is considered positive if it is clockwise when looking in the direction of the dotted 
arrow placed beside the rotational schematic diagram; a solid arrow superimposed 
on a shaft then indicates the direction of flow of torsional impulse such as would 
increase the positive angular momentum of any inertor into which it flows. 

In a tubing diagram only the solid arrow is used, superimposed on a tube. It 
indicates the direction of positive fluid velocity or volume velocity. 

3m-6. Rationale of the Schematic Symbols Proposed for the Elements. In both 
analogies, the mechanical and acoustical schematic symbols are similar in appearance 
to their analogous electrical symbols. On a rod diagram, the symbols for a mechanical 
spring and responsor have l|-" wiggles," the acoustic elastor and responsor have 
2-J- wiggles, the torsional spring and responsor have 2^ wiggles but are tapered, while 
the electrical inductor and resistor have 3^ wiggles as usual. Similarly a torsional 
inertor is tapered. 

On an impedance schematic, the symbols are similar to those for the mobility 
schematic though dual in meaning, and each impedance schematic symbol has a 
line drawn beside it. 

3m-7. Method of Drawing Schematic Diagrams. (1) Choose your analogy, 
either for life or for the problem at hand, remembering that the mobility analogy 
is the most convenient for rod-connected systems while the impedance analogy is the 
most convenient for hydraulic tube-connected systems. (2) Identify the functions 
performed by each part of the given structure. (3) Choose the schematic symbols 
which represent these functions. (4) Identify the terminals of each element, coupler, 
and vibrator of the structure. (5) Connect in the schematic diagram by means of 
appropriate connectors and rigid or hydraulic junctions those terminals which are 
connected in the structure. 

The identification of the terminals of each element will include the assignment of the 
earth symbol as one terminal of each mass in a mobility schematic or rod diagram, 
or the assignment of the sky symbol as one terminal of each spring in an impedance 
schematic or tubing diagram; this will result in closed meshes and correct series and 
parallel connections in each diagram. 

A single hydraulic tube fitted with pistons at its two ends (of equal areas for mechani- 
cal systems but not necessarily equal for acoustic systems) performs the same func- 
tions as a rod; so both rod and tube may be represented by a straight line and are 
interchangeable in a series. It is where several rods join, or tubes join, that there 



THE MOBILITY AND CLASSICAL IMPEDANCE ANALOGIES 3^143 

is a difference of function, a rigid junction of rods ensuring equal velocities while a 
hydraulic junction of tubes ensures equal forces or sound pressures. Either analogy 
may therefore be used for diagraming a system connected by rods and /or tubes by 
first 'determining whether a given structural connection performs the function of a 
rigid junction or of a hydraulic junction, then designating by means of the symbols 
below whether the connection constitutes a simple junction (analogous to a soldered 
junction of wires) or a mesher (analogous to the isocurrent junction mentioned in 
Sec. 3m-2). That analogy will be best for a given problem which brings in a mini- 
mum number of meshers with which we are not so familiar. Thus the mobility 
analbgy will be best for rod-connected systems and the impedance analogy best .for 
tube-connected systems. 

3m-8. Types of Schematic Diagram. 1. The mobility schematic diagram or rod 
diagram. Because most mechanical systems are rod-connected and have no tubes, a 
mobility schematic diagram or rod diagram will be most convenient and can usually 
be drawn by inspection of the structure, using the mobility-analogy symbols given 
on left pages. Even an acoustic system of the kind where there are no side branches 
and the elements are of equal cross-sectional areas and lie in a series, as when a piezo- 
electric crystal radiates plane waves into a delay line, may be most conveniently 
represented by a mobility schematic since the contact of the adjacent faces of the 
elements ensures their equal Volume velocities as if they were connected by acoustic 
rods. 

2. The impedance schematic diagram or tubing diagram. If we have a hydrau- 
lically operated mechanical system which is tube-connected or an acoustic filter 
connected by tubes with side branches, an impedance schematic or tubing diagram 
will be most convenient and can be drawn by inspection using the impedance-analogy 
symbols given on right pages, provided that the sky is introduced as one terminal of 
each spring. * 

3. The two-analogy schematic diagram. Complete correspondence between the 
schematic diagram and the geometry of the structure can be obtained by diagraming 
the rod-connected parts by the mobility analogy and the tube-connected parts by 
the impedance analogy, appropriate couplers being indicated where rod and tube 
portions adjoin. Using this technique, the schematic diagram of the system can 
be drawn by inspection of the original structure, using the appropriate mechanical 
or acoustical symbols given below, including the analogy connectors on page 3-176. 

3m-9. Mechanical Mobility z vs. Mechanical Admittance Ym. Why should the 

new term mechanical mobility z be introduced when it is of the same magnitude as the 

established term mechanical admittance Ym1 

wV * . , t -m. : tf across ■.. , . . , . ' v through 

Mechanical mobility z = -= r while mechanical admittance im = -s 

F through F across 

Thus while the magnitudes of the mechanical mobility and mechanical admittance 
are equal, the words through and across are inverted in the definitions, because mobility 
belongs in a rod-connected system and mechanical admittance belongs in a tube- 
connected system. 

Mechanical mobility z is indigenous to a rod-connected system, and when a number 
of springs or other elements are connected in series, the mobility of the combination 
is the sum of the individual mobilities: z = Zi + Z2 + z 3 . It would be unanalogous f 
though correct, to say that the mechanical admittance of the elements in series is 
the sum of the individual mechanical admittances; this lack of analogy is avoided 
by introducing with the rod diagram the new term mobility and having it associated 
with the letter z. Mechanical admittance is indigenous to a tube-connected system 
and the above-mentioned series of structural elements would turn out to be a parallel 
combination of elements in a tubing diagram; the mechanical admittance of the 

[Text continued on page 8-177; tables, over.] 
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THE MOBILITY ANALOGY 

Symbols for Constructing Mechanical, Acoustical, and Electrical 
Schematic Diagrams Based on the Mobility Analogy 



Symbols for rod diagrams 



Symbols for the 

analogous 
wiring diagrams 



Rectilineal 
mechanical systems 



Rotational 
mechanical systems 



Acoustic systems 
(preferably rigidly 
connected) 



Electric circuits 

(preferably with 

soldered junctions) 



Connectors 











1 rod 2 


1 shaft 2 


acoustic rod 


wire 


Ideal massless, in- 


Ideal inertialess, 


Ideal inertanceless, 


Ideal capacitance- 


compressible, fric- 


uncompliant, fric- 


uncompliant, fric- 


less, inductance- 


tionless rod, not 


tionless shaft, not 


tionless acoustic rod 


less, resistance- 


necessarily of uni- 


necessarily of uni- 


which connects two 


less wire, not 


form cross section, 


form cross section, 


wavefronts 1 and 2, 


necessarily of 


which connects mov- 


which connects mov- 


not necessarily of 


uniform cross 


able terminals 1 and 


able terminals 1 and 


the same areas, by 


section, which 


2 so that 


2 so that 


any means which 


connects terminals 






function the same 


1 and 2 so that 






as a pivoted lever 








driving pistons 1 








and 2 at lever arms 








equal to the re- 








ciprocal of the pis- 








ton areas, so that 




velocity 


angular velocity 


the volume velocity 


voltage 


Vi = v 2 and 


vri = v R2 and 


Ui = U 2 and 


Ex = E 2 and 


force 


torque 


the sound pressure 


current 


Fi =F 2 


Fri = Fr 2 


Pi = Vi 


/i = U 


Propagation in any 




Frequent special 


Propagation in an 


type of ideal rod is 




case, equal areas in 


ideal wire is con- 


considered instan- 




contact. 


sidered instanta- 


taneous 




l\A\ — l 2 A. 2 — 1 
Prototypal structure 
of acoustic rod 


neous 
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THE IMPEDANCE ANALOGY (Classical Analogy) 

Symbols for Constructing Mechanical, Acoustical, and Electrical 

Schematic Diagrams Based on the Impedance Analogy 



Symbols for tubing diagrams 


Symbols for the 

analogous 
wiring diagrams 


Rectilineal 
mechanical systems 


Rotational 
mechanical systems 


Acoustic systems 
(preferably tube- 
connected) 


Electric circuits 

(preferably with 

soldered junctions) 





Conn 


ectors 




1 tube 2 


1 tube 2 


1 2 
x acoustic tube 


wire 


Stationary tube of 


Stationary tube filled 


Stationary tube, not 


Stationary ideal, 


unit area of cross 


with ideal fluid, and 


necessarily of uni- 


capacitanceless, 


section, filled with 


having at every end 


form cross section, 


inductanceless, re- 


ideal, massless, in- 


identical fluid motors 


filled with ideal 


sistanceless wire, 


compressible, invis- 


for transducing lineal 


fluid (tube diameter 


not necessarily of 


cid fluid, often 


fluid motion to rota- 


being small compared 


uniform cross 


terminating in unit- • 


tion of a solid or 


with the wavelength 


section. 


area pistons; or any 


fluid member (exam- 


in the actual medi- 


Propagation along 


mechanism of equiv- 


ple, the Sperry Ex- 


um). The speed of 


an ideal wire is 


alent function. 


actor hydraulic con- 


sound in an ideal 


considered instan- 


Dead-end tubes are 


trol) ; or any mecha- 


acoustic tube is in- 


taneous. 


closed unless con- 


nism of equivalent 


finite. 




nected to sky. 


function. 






It connects terminals 


It connects terminals 


It connects terminals 


It connects terminals 


1 and 2 so that 


1 and 2 so that 


1 and 2 so that 


1 and 2 so that 


force 


torque 


sound pressure 


voltage 


F t =F 2 and 


Fri = F R2 and 


Pi = P2 and 


Ei = E 2 and 


velocity 


angular velocity 


volume velocity 


current 


01 = v 2 


Vri = v R2 


U x = Ut 


/i = U 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 





Symbols Indicating the Signs of the Variables 






1 

+ — ♦ or | 


+ — *. 


1 

i 

+ —- *► or \ 


+ 


Dotted arrow shows 


Clockwise rotation v R 


Dotted arrow shows 


The -f- sign near 


direction of positive 


looking in the direc- 


direction of positive 


the wire indicates 


velocity v relative 


tion of the dotted 


volume velocity U 


a positive voltage 


to the earth. 


arrow is positive 


relative to the 


relative to ground. 




relative to the earth. 


earth. 




Small arrow on rod 


Small arrow on shaft 


Small arrow shows 


Arrow shows direc- 


shows direction of 


shows direction of 


direction of flow of 


tion of flow of 


positive flow of 


positive flow of 


force per unit area 


positive current I 


force F and impulse 


torque F R and tor- 


(sound pressure p) 


and charge Q. 


Q M . If impulse flows 


sional impulse Q R . 


and impulse per unit 




into a mass, its mo- 




area (acoustic im- 




mentum in the direc- 




pulse Q A ). 




tion of the dotted 








arrow is increased. 








Both arrows in the 




Both arrows in the 




same direction in- 




same direction in- 




dicates compression ; 




dicates compression; 




at right angles, 




at right angles, 




shear. 




shear. 




+ ~ 


— 


-f 


— — ^ 


+ — 


-*■■■■ 




+ 


compression 




clockwise 


(chain, 


compression 




current 




< 


shear 


torque 


belt, or 
gears, 
1 to 1) 


< 


shear 


right , 


current 
downward 


tension 




counter- 




rarefaction 




current 






clockwise torque 




left 


Rigid connector 


Rigid connector 


Rigid connector 


Offset connector 


offset 


offset 


offset (rare) 




+ -x 


, + ~^ 


i + ~^ 




• > 


* 


* > 




* >s 










f 




' 




' 


1 


' 


J 




v 




, ^ 








compression e 


very- 


clockwise t 


orque 


compression e 


very- 


same as 


above 


where 


everywhere 


where 




Flexible connector 


Flexible shaft 


Flexible connector 
(similar to tube of 
small d/\) 


Offset connector 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



Symbols Indicating the Signs of the Variables 



The -f sign indicates 
positive pressure in 
the tube (relative 
to the sky) and is 
assumed to be asso- 
ciated with positive 
force F 

The arrow shows the 
direction of the veloc- 
ity v (relative to 
the tubing) 



Rounded corners are 
recommended for 
tubes 



Stationary tube with 
bends; direction of 
positive velocity v 
and displacement s 
is shown by arrows 



The -f sign indicates 
positive pressure in 
the tube (relative to 
the sky) and is as- 
sumed to be asso- 
ciated with positive 
torque F R 

The arrow shows the 
direction of fluid 
motion which is asso- 
ciated with positive 
clockwise angular 
velocity vr 




x 'Vr 



Stationary tube with 
changes of direction ; 
positive clockwise 
angular velocity v R 
and angular displace- 
ment s R are shown 
by arrows 



The + sign indicates 
a positive sound 
pressure p (relative 
to the sky, P ) 



The arrow shows the 
direction of a posi- 
tive volume veloc- 
ity U 



<U 



Stationary tube with 
bends; direction of 
positive volume ve- 
locity U and volume 
displacement S A is 
shown by arrows 



The + sign indi- 
cates a positive" 
voltage (relative 
to the ground) 



The arrow shows the 
direction of flow 
of a positive his- 
torical current / 



Offset connector; 
wire with bends; 
direction of posi- 
tive current / and 
flow of charge Q 
is shown by arrows 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



Simple junctions. The across variables are equal. The sum of the through variables 
toward the junction is zero 



4— * 



'.\ 


' 3 


2* 


' 4 



Rigid junction 
(welded rods of any 
cross-sectional area) 



+ — 



X? 

_> — *- — » — 

2 4 

»— — _ 



Rigid junction (1 to 
1 gearbox with 
shafts of any cross- 
sectional area) 



+ — * 



■'\ 


* 3 


2* 


' 4 



V\ — v>2 =? etc. 
F x + F 2 -F, -F 4 
-F s = 



= vr 2 = etc. 

+ F B2 — Fm 
— Fr\ ~ Frs - 



Rigid acoustic junc- 
tion, connecting 
wavefronts 1 to 5, 
not necessarily of 
equal areas, by any 
means which func- 
tions the same as a 
pivoted lever driving 
pistons 1 to 5 at lever 
arms equal to the 
reciprocals of the 
piston areas (as if 
the levers of in- 
dividual acoustic 
rods were rigidly 
connected) 
1 = UAi - hA 2 

- etc. 
U t = U t = etc. 

Vi + P2 - P* — P* 

-P5 =0 



'AT 3 

2 J ^ * 4 



Junction (soldered 
wires of any 
cross-sectional 
area) 



Ei = E 2 = etc. 
Ii +h - /» - *4 

- h = 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



Simple junctions. The across variables are equal. The sum of the through variables 
toward the junction is zero 




Hydraulic junction, 
having unit terminal 
areas 1 to 5 




r^z 



Hydraulic junction; 
(differential gear- 
box 1:1) 




Hydraulic acoustic 
junction of tubes 
not necessarily of 
equal areas 



'A 


' 3 


2 


* 4 



F x =F 2 = etc. 

Vi + v 2 — v z — V* 



Fri = F R2 = etc. 

VRl + V R2 - V RZ 

~ VR4 - V R5 = 



Pi - p 2 = etc. 
U l + U 2 - U* 

- U* - U b = 



Junction (soldered 
wires of any cross- 
sectional area) 



Ei = E 2 = etc. 
h + / 2 - h - / 4 
-/ 5 =0 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



Meshers. The through variables (in the direction of the dotted arrow) are equal. The 
sum of the across variables (with sign changed where through arrow points away from 
junction) is zero 



+ — * 




Hydraulic junction; 
mesher (see below) 
F t - F 2 - etc. 

Vi + Vi — v 3 - v 4 

- v b = 
The earth connection 
is not necessary when 
equal numbers of 
forces flow to and 
from the mesher. 

Typical hydraulic 
junction structure 
(see symbol above) : 




Equal-area pistons 
with common liquid, 
or any set of levers 
which will ensure 
equal forces of com- 
pression 




Hydraulic junction; 
mesher (see below) 
F R1 = F R2 = etc. 
Vri + v R2 - v RZ 

- V RA - V Rb = 

The earth connection 
is not necessary 
when equal numbers 
of torques flow to and 
from the mesher. 

Typical hydraulic 
junction structure 
(see symbol above) : 




Differential gear- 
box giving equal 
torques 



+ -- - 




Hydraulic acoustic 
junction; mesher 
Pi = p 2 = etc. 
U l + Ut - U, 

-U*-U b =0 
The acoustic earth 
connection is not 
necessary when equal 
numbers of sound 
pressures flow to 
and from the mesher. 
Typical hydraulic 
junction structure 
(see symbol above) : 




Acoustic rods, gener- 
ally of different 
wavefront (piston) 
areas, entering a 
small chamber con- 
taining ideal fluid 



:^ 



Isocurrent junction; 
mesher (see below) 
h = h = etc. 
Ei + Fj<l — Ez 

- E A - E b = 
The ground connec- 
tion is not neces- 
sary when equal num- 
bers of currents 
flow to and from 
the mesher. 
Typical mesher 
structure (see 
symbol above) : 




Similar ideal trans- 
formers (on separate 
cores) with second- 
aries in series. 
Phased as shown by 
arrows 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



Meshers. The through variables (as indicated by the arrows) are equal. The sum of 
the across variables (with sign changed where through variable arrow points away from 
junction) is zero 




Rigid junction; 
mesher (see below) 
Vi = v 2 = etc. 
F x + F 2 - F z - F 4 

The sky connection is 
not necessary when 
equal numbers of ve- 
locities flow to and 
from the mesher. 

Typical rigid junc- 
tion structure (see 
symbol above) : 





Rigid (geared) junc- 
tion ; mesher 
Vr\ = v R2 = etc. 
Fri + F R2 - F R3 

- F R4 - F Rb = 
The sky connection 
is not necessary 
when equal numbers 
of rotational veloc- 
ities flow to and 
from the mesher. 
Typical rigid junc- 
tion structure (see 
symbol above) : 




Rigid acoustic junc- 
tion; mesher 
U x = U 2 = etc. 
Pi + p 2 - p 3 - Pi 
- Z>5 = 

The acoustic sky con- 
nection is not neces- 
sary when equal 
numbers of volume 
velocities flow to 
and from the mesher. 
Typical rigid 
acoustic junction 
structure: 



> 



A multiplicity of 
rigidly connected 
equal-area pistons 
which ensure equal 
fluid velocities in 
all tubes; or a number 
of rods bolted 
together 



gearbox 



Gears, belts, chains, 
or levers, which 
ensure equal rota- 
tions of shafts 



Same as the device 
in the rectilineal 
column at the left, 
but the pivoted 
wheel drives pistons 
1 to 5, not neces- 
sarily of equal areas, 
at lever arms equal 
to the reciprocals 
of the areas. Special 
case, equal-area 
pistons rigidly con- 
nected ; or wave- 
fronts in contact 



o— ^^-* 



Isocurrent junction; 

mesher 

I\ = I 2 - etc. 

#1 + tf 2 - tf , - E< 

-#5=0 

The ground connec- 
tion is not necessary 
when equal num- 
bers of currents 
flow to and from 
the mesher. 
Typical mesher 
structure : 



Same as on op- 
posite page 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



Referents 



Earth, velocity of 
reference, frame of 
reference 



v = 



Force F is measured 
relative to the 
force in the sur- 
rounding empty space 
(no symbol) 



J^or -||. 



Earth, angular ve- 
locity of reference, 
frame of reference 

v R =0 
Torque F R is meas- 
ured relative to the 
torque in the sur- 
rounding empty 
space (no symbol) 



Acoustic earth, vol- 
ume velocity of ref- 
ence, frame of ref- 
ence 

U = 
Sound pressure p is 
measured relative to 
the pressure Pa in 
the surrounding at- 
mosphere (no 
symbol) 



Ground, voltage of 
reference 



E = 
Current. / is 
measured relative 
to the current in 
the surrounding 
empty space 
(no symbol) 



Passive Elements 



A mechanical 
mobility z. 

1) across 



F through 
and F are complex 
amplitudes. 
z = r + jx ^ 
r = responsiveness 

x = excitability 



Mechanical immo- 
bility 

y = \Jz = g + jb 
g = unresponsiveness 



b = unexcitability 

P = *y 

V = Pz 
P = vF 
P = v\F\ cos <p z 
~F\ 2 r 



— v\A— 

Zr 

A rotational 
mobility z R . 

f) R across 

z R = 



F R through 
1) R and P R are com- 
plex amplitudes. 

Zr = Tr +JXr 

r R = rotational 

responsiveness 

Xr = rotational 
excitability 



Rotational immo- 
bility 

y R = 1/zr = g R +jb R 
g R = rotational 
unre spon siveness 

b R = rotational 

unexcitability 

F R = 0*2/« 
0r = PrZr 
Pi = v R F R 
P = v R \ F R \ cos <p zR 

^FrVth 



z a 
An acoustic 
mobility z A . 

_ across 
A p through 
V and p are com- 
plex amplitudes. 

Z A = r A + JXa 

r A = acoustic , 

responsiveness 

x A = acoustic 

excitability 



Acoustic immobility 

y a = 1/z a = g A +jb A 
g A = acoustic 
unresponsiveness 

6a = acoustic • 
unexcitability 

P = Uva 
V =pz A 
Pi = Up 

P = U\ p\ cos <p zA 
= p\ 2 r A 



— V\AA— - 
z 

An electric 
impedance Z. 

F across 



Z = 



1 through 
F and / are complex 
amplitudes. 
Z = R +jX 
R = resistance 

X = reactance 



Admittance 

Y = 1/Z =G +jB 
G = conductance 



B = susceptance 

1 =FY 
F =IZ 

Pi = EI 

P ■= E\ I\ cos <p z 
= I\ 2 R 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



Referents 



A 



Sky, 
force of reference, 
(a reservoir of ideal 
fluid maintained at 
constant pressure) 

F = 
Velocity v is meas- 
ured relative to the 
surrounding tubing 
or full space (no 
symbol) 



Sky, 
torque of reference, 
(a reservoir of ideal 
fluid maintained at 
constant pressure) 

F R =0 
Angular velocity v R 
is measured relative 
to the surrounding 
tubing or full space 
(no symbol) 



T' ' 4^ 

Sky, 
pressure of reference, 
(usually an atmos- 
phere of fluid at con- 
stant pressure Po) 

y = 
Volume velocity U is 
measured relative to 
the surrounding tub- 
ing or full space 
(no symbol) 



_L 



Ground , 
voltage of refer- 
ence, (a source of 
charge at constant 
voltage) 

E = 
Current / is meas- 
ured relative to 
the current in the 
surrounding empty 
space (no symbol) 



Passive Elements 



A mechanical 

impedance Z M . 

„ _ F across 
6m = 



through 



Zm - Rm + jX M 
Rm = mechanical 

resistance 
X M = mechanical 

reactance 

Mechanical 
admittance 
Y M = 1/Zu 

= G M +jB M 
Gm = mechanical 

conductance 
B M = mechanical 

susceptance 

= PY M 

P = Mm 

Pi = Fv 

P =F\v\ cos <p ZM 

P = v\*R M 



— A/\A— 
z R 

A rotational 
impedance Z R . 
7 = F R across 
fi R through 



Z R = R R + jX R 

R R = rotational 

resistance 

rotational 

reactance 



X R 



Rotational 
admittance 
Y R = \/Z R 

= G R +jB R 
G R = rotational 

conductance 
B R = rotational 

susceptance 

0* = P R Y R 

Pr = $rZ R 

Pi = F R v R 

P = F R \ v R \ cos <p ZR 

P =?v R \*R R 



Z A 

An acoustic 
impedance Z A . 
7 = ft across 
through 



Z A = R A -f jX A 
R A = acoustic 

resistance 
X A - acoustic 

reactance 

Acoustic admittance 

Y A = \/Z A 

= G A +jB A 
G A = acoustic 

conductance 
B A = acoustic 

susceptance 

V = PY A 

P - 0Z A 

Pi = pU 

P = p\ U\ cos <p ZA 

P = U\*R A 



— AA/V — 
z 

An electric 
impedance Z. 
7 = E across 
/ through 



Z = R +JX 
R = resistance 

X = reactance 



Admittance 
Y = 1/Z =G +JB 
G = conductance 
B = susceptance 

/ =PY 
2~lZ 
Pi = EI 

P = E\ I\ cos <p z 
P = I\*R 
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Rectilineal 
mechanical 



+ --♦ 



rod 



— v — |l' 



earth 

Three-terminal mo- 
bility z including 
(rigid) junction. 

t = 2 = 3 = 
Pz = Pi - P2 
P 2 - tjz 



Mechanical responsor 
of responsiveness r 



*s 



Typical structure: 
viscous oil between 
plates attached to 
the terminals 



v across 



Rotational 
mechanical 



Acoustic 



F through P 
z = r 
v = Fr 
= Pr 

p =F| 2 r =tt|Vr 
Displacement 

s = Jv d< = rQjif 
where impulse 
Olf = JFctt 




earth 



Three-terminal rota- 
tional mobility z R 
including (rigid) 
junction . 
0*i = 0*2 = 0*3 = 

PrZ = PrI — ^*2 
^*2 = 0*A* 



Rotational responsor 
of rotational respon- 
siveness r R 




Typical structure: 
viscous oil between 
concentric rotating 
cones attached to 
the terminals 



r R 



v R across 



h 



F R through P R 
z R = r R 
v R = F R r R 
0b = PrTr 

p = F R \ 2 r R = v R \ 2 /r R 
Rotational dis- 
placement 
$ = fv R dt = r R Q R 
where torsional im- 
pulse Q R = Sf R dt 



rod 3 



h-A/V^-||« 



2 z A 



earth 



Three-terminal 
acoustic mobility 'z A 
including (rigid) 
junction . 

tj x = o- 2 = cr.'.-.tr 

p3 = Pi - p2 
p2 = V/ZA 



r A 
Acoustic responsor 
of acoustic respon- 
siveness r A 



Electric 



^& 



Typical structure: 
viscous oil leaking 
through holes in 
piston in movable 
cylinder 



r A 



U across 



p through p 
z A = r A 
U = pr A 
V =pr A 

p = p\*r A = u\2/r A 
Volume displace- 
ment 

S = fUdt = r A Q A 
where acoustic im- 
pulse Q A = fp dt 



JL ground 

Three-terminal 
impedance Z includ- 
ing junction. 

E l = E 2 = E Z =E 

/, = /;- u 

n = p/z 



— wv^- 

R 
Resistor of resist- 
ance R 



-ir-ANSfi » 



Typical structure: 
a length of resistive 



R^ 



E acro ss E 

I through / 



Z = R 

E = IR 

E =IR 

P = I\ 2 R -= E\*/R 

Voltage impulse 

S = fE dt = RQ 
where charge 
Q = fldt 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



tube 




Three-terminal me- 
chanical impedance 
Z M including 
hydraulic junction. 
p x = p 2 = p 3 = p 
$ 3 = ^ _ *> 2 
h = P/Z M 



Mechanical resistor 
of resistance R M 






Typical structure: 
a length of viscous 
fluid moving in a 
stationary tube of 
unit cross-sectional 



= P across _ P 
M v through ~~ 
Zm — Rm 
F = vR M 

P = m M 

P = v\*R M =F\VR M 
Impulse 

Q M = JFdt = R M s 
where displacement 
s = fv dt 



tube 




^ sky 



Three-terminal rota- 
tional impedance Z R 
including hydraulic 
junction. 

Fri = Pr2 = Prz=Fr 
Vrz — Vri — VR2 

0« 2 = Pr/Zr 



-a/\A-*— 



R * 

Rotational resistor 
of rotational resist- 
ance R R 




Typical structure: 
an annulus of viscous 
liquid between a 
rotating cone and a 
stationary cone; or 
a coil of tubing con- 
taining viscous fluid 

= F R across Pr 
v r through Dr 

Zr = Rr 
Fr = VrRr 
Pr — $rRr 

P = VR\*RR=f R \*/R R 
Torsional impulse 

Q R « JFr dt = RrB 
where displacement 
= fv R dt 



tube 




Three-terminal 
acoustic impedance 
Z A including 
hydraulic junction. 
Pi = P2 = pz = p 

Cs = d - v 2 

0* = P/Z A 



Ra 
Acoustic resistor of 
acoustic resistance 
Ra 



v/sss 




Typical structure: 
a length of viscous 
fluid moving in a 
stationary tube of 
any cross-sectional 
area 



R. 



p across 



U through ( 
Z A — Ra 
V = UR A 
P = CR A 

P = U\*R A =p\VR 
Acoustic impulse 

Qa = fpdt = R A S A 
where volume dis- 
placement S A = fU dt 




ground 



Three-terminal 
impedance Z 
including junction. 

E\ ~ FI2 = E3 = hi 

h = B/Z 



R 

Resistor of resist- 
ance R 



Typical structure: 
a length of resis- 
tive wire 



R 



E across 2 



I through / 
Z = R 
E = IR 
ft =IR 

P = /| 2 R = E\ */R 
Voltage impulse 

S = fE dt = RQ 
where charge 
Q = JI dt 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



rod 



WHi 1 



earth 
Three-terminal me- 
chanical responsor r 
including junction. 

v x = v 2 ~ v z = v 
F^Fi- F 2 
P 2 = 4/r 



'JV- 



Cm (or L M ) 
Spring of compliance 
Cm (or. Lm) 



v » C M dF/dt 

z = jwCm (or jo)L M ) 

6 = Fz 

W = C M F*/2 

Displacement 

$ _ fv dt » CjifF 



shaft 



earth 
Three-terminal rota- 
tional responsor r R 
including junction. 



Vri = VR2 = #«3 = Vft 
Frz — Fri — F«2 

Pr2 = 0*Ar 



^#- 



C«(orL«) 
Torsional spring of 
rotational com- 
pliance Cr (or L R ) 



v R = C R dF R /dt 

zr = ./wC* 

0R == F«2r 

pp = CWV/2 
Angular displacement 
= Jvb dt = C«F« 



rod 



2 r A 

earth 
Three-terminal 
acoustic responsor r A 
including (rigid) 
junction. 
Ui = U 2 = U 3 = U 

V* - Pi - P2 

02 - 0/r A 



W — 

C A (prL A ) 

Acoustic spring of 

acoustic compliance 

C A (ovL A ) 



U = C A dp/dt 
z A = jo>C A 
= pz A 
W = C A p*/2 
Volume displacement 
X = JUdt = C A p 
A closed volume V of 
gas at pressure Po 
has Ca = V/yP 



ground 
Three-terminal re- 
sistor R including 
(soldered) junction. 

E\ — E 2 — Ez ** E 

; 2 = $/# 



— *w — 

L 
Inductor of induct- 
ance L 



E = L dl/dt 
Z = jaL 
B = IZ 

W = LP/2 
Voltage impulse 
S = fEdt = L/ 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



tube 




sky 
Three-terminal me- 
chanical resistor R M 
including hydraulic 
junction. 

F x = F 2 = Fz = F 
v 3 = v x - v 2 

2 = P/R M 



A mass, of mass m 



Typical structure: 
a length of massive 
fluid contained in 
a unit-area tube 



F = mdv/dt = ma 
Za = jam 

P = eZu 

W = mv*/2 
Impulse equals 
momentum 

Q M = JFdt = mv 




sky 

Three-terminal rota- 
tional resistor R R 
including hydraulic 
junction. 

Fri = Fr2 = Fr3 = Fr 
VR3 = Vri — VR2 
0S2 — Frz/Rr 



A rotational inertor 
of polar moment of 
inertia J 

Typical structure: 
a coil of stationary 
tubing containing a 
massive fluid 



F R = J dv R /dt = J a 

Zr = joiJ 

Fr ■= 0rZr 

W = Jvr*/2 
Torsional impulse 
equals angular mo- 
mentum 
Qr = fFm dt = Jv R 



tube 




sky 

Three-terminal 
acoustic resistor R A 
including hydraulic 
junction. 
Pi = p 2 = Ps = V 

V_t = p/R A 



-^ffU^- 



M 

An acoustic inertor 
of inertance M (or 
M A ). M = m/A* 
Typical structure: 
a mass m of gas in a 
stationary tube or 
neck of area A 



p = M dU/dt = pA A 
Z A = jwM 

p = Vz A 

w = Muyz 

Acoustic impulse 
equals acoustic mo- 
mentum 
Q A = Jp dt = M U 




ground 
Three-terminal 
impedance Z in- 
cluding (soldered) 
junction. 

E x = E 2 = E z = E 
h = /i - U 
U = E/R 



— *w — 

L 
An inductor of 
inductance L 

Typical structure*: 
a coil of wire 



E =LdI733k 
Z = jaL 
P =lZ 
W = LP/2 
Voltage impulse 



S = fEdt =LI 
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Rectilineal 


Rotational 






mechanical 


mechanical 


Acoustic 


Electric 


r rod 


shaft 


rod 


wire 


1 


3 


1 


3 


1 


3 


1 


3 




VH 




V^M 1 




VKH 




*w4 


Cm earth 


Cr earth 


C A earth 


" L ground 


Three-terminal spring 


Three-terminal tor- 


Three-terminal 


Three-terminal 


(elastor) of compli- 


sional spring (elas- 


acoustic spring 


inductor of induct- 


ance Cm, including 


tor) of rotational 


(elastor) of acoustic 


ance L, including 


junction. 


compliance Cr, in- 


compliance Ca, in- 
cluding junction. 


junction . 




cluding junction. 




Vi = v 2 = v z - V 


Vri = V R2 = V RZ = t>* 


U x -Ut-Vt-V 


Ei = E 2 — Ei = E 


F z = Ft - F 2 


Fr 3 = Frx — Fr2 


P3 = Pl - p2 


h = Ix - h 


P» - t/juCu 


Pr2 = 0r/JO)Cb 


P2 = 0/juC A 


U = £/jo>L 






. rl f> 


ft 1 '1 111 


C J or -T- 




j 


* 1_J r 
M 








4^ 4- 


A mass of mass m 


A rotational inertor 


An acoustic inertor 


A capacitor of 




of polar moment of 


of inertance M (or 


capacitance C. 




inertia J 


Ma). M = m/A* 




One terminal per- 


One terminal per- 


One terminal per- 


One terminal per- 


manently earthed. 


manently earthed. 


manently earthed. 


manently grounded. 


Typical structure: 


Typical structure: 


Typical structure : 


Typical structure: 


a solid block con- 


a flywheel 


a mass of gas in a 


an isolated metal 


strained to lineal 




constriction 


sphere in free 


motion 






space 


F - m dv/dt sa ma 


F R - J dvR/dt - J a 


p=MdU/dt~MA A 


/ = CdE/dt 


Z s= —j/wm 


Zb = —j/uJ 


Z A = -j/oM 


Z - -j/„C 


t = Pz 


Or = FrZr 


0=pz A 


B -1Z 


W = mv*/2 


W = Jv R */2 


W = M U 2 /2 


W = CE*/2 


Impulse equals mo- 


Torsional impulse 


Acoustic impulse 


Charge equals 


mentum 


equals angular mo- 


equals acoustic mo- 


capacitance times 




mentum 


mentum 


voltage 


Qm - 


JF(# = mw 


Qr = 


■- JF R dt - Jtf« 


Qa = 


/p <ft = AT U 


= 


Jldt = CE 
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Rectilineal 
mechanical 




Three-terminal mass 
m including hydraulic 
junction. 



Vz = Vi — v 2 
t - P/Z M 



J Cm 

sky 

Spring of compliance 
Cm- One terminal 
permanently skyed 



Typical structure: 
a bubble of gas in 
a rigid container, 
or ideal fluid in 
a shielded flexible 
container 

v = Cm df/dt 
Z M = -J/ojCm 

P = DZm 

W = C M F 2 /2 
Displacement 



s = Jv dt = CmF 



Rotational 
mechanical 




^^ sky 
Three-terminal rota- 
tional inertor J 
including hydraulic 
junction. 

Fri = Fr2 = Fr 3 =*Fr\ 
Vr3 = Vri — Vrz 
0R9 = Fr/Zr 



-o 



4* 

sky 

Torsional spring of 
rotational compli- 
ance Cr. One ter- 
minal permanently 
skyed 

Typical structure: 
a torsional spring 
reacting against its 
rigid support 



v R = C R dF R /dl 
Z R = -j/o>C R 

P R = HrZr 

W = CrFr*/2 
Rotational displace- 
ment 

e = fv R <u = CrFr 



Acoustic 




<= = 2s sky 

Three-terminal 
acoustic inertor M 
including hydraulic 
junction. 

Pi =P2 = Pz = P 
U t -Ui- U, 

fr 2 = p/Z A 




Electric 



Acoustic spring of 
acoustic compliance 
Ca. C a = V/yPo. 
One terminal per- 
manently skyed 
Typical structure : 
compliant gas in a 
rigid container of 
volume V 



U = Ca dp/dt 
Z A = -j/u>C A 
p = VZ A 
W = C A p 2 /2 
Volume displace- 
ment 

S = fUdt = C A p 



"=" ground 
Three-terminal 
inductor L includ- 
ing junction. 

Ex = E 2 = E 3 = E 
J, = /i - U 

U = P/z 



O -a. 

-T- -7- 

C \ or ! C 



ground 

Capacitor of ca- 
pacitance C. 
One terminal per- 
manently grounded 

Typical structure: 
an isolated metal 
sphere in free 
space 



/ = CdE/dt 
Z = -j/a>C 
P = lZ 
W = CEV2 
Charge 



Q = fldt =CE 
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Rectilineal 
mechanical 



W 



ft 



Three-terminal mass 
m including junction 



Vi = 2 = v 3 = v 
F 3 = F, - F 2 

F* = J6M10 



'IffiJ 



Transinertor of mass 
m 

F l = F 2 
Connectible either in 
series with a hot 
rod, or to earth 

Typical structure: 
floating levers or a 
hydraulic junction 
which ensure equal 
forces in the rod 
and on the two 
masses, each of mass 
2m 



Rotational 



Acoustic 




# 



Three-terminal rota- Three-terminal 



tional inertor ,/ in- 
cluding junction 

VRl = v R2 = v R3 = v R 

PR* = Fri — Fr 2 
Fr 2 = JCOJ&R 



3 ; 



M 



M I' 



'15*c 



Rotational transiner- 
tor of moment of 
inertia J 

F Rx = Fr, 
Qonnectible either 
in series with a high 
shaft, or to earth 

Typical structure: 
differential gears or 
a hydraulic junction 
which ensure equal 
torques in the shaft 
and on the two iner- 
tors, each of moment 
of inertia 2J 



acoustic inertor M 
including junction 

U\ = u 2 = u t = u 

V* = tfl — P2 

"pi = jooMtf 



I M 1 

M 

M 
Acoustic transinertor 
of inertance M 

Pi = 7h 
Connectible either 
in series with a high 
rod, or to earth 

Typical structure: 
a hydraulic junction 
which ensures equal 
sound pressures in 
the main rod and on 
the two inertors, 
each of inertance 
2M 



Electric 



1 ' 12^3 1~2 

Q. . 



3 



o-» 



I 



Three-terminal 
capacitor C includ- 
ing junction 



Ei — E 2 = Ez 
/» = A - /. 

1 2 = jOiCE 



E 



Condenser of 
capacitance C 

Connectible either 
in series with a 
high wire, or to 
ground 

Typical structure: 
parallel plates be- 
tween which there 
is a displacement 
current. There is 
no direct analogous 
mechanical phe- 
nomenon through 
empty space 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



TG 



tg 




^b. 






Three-terminal spring 
Cm including 
hydraulic junction. 

F x =F 2 =F Z =F 
f>2 = jvCmP 



Three-terminal tor- 
sional spring Cr in- 
cluding hydraulic 
junction. 

Fr\ = Fr2 = Frz=Fr 
Vr 3 = V R1 - Vri 

Or* = JwCrPr 



Three-terminal 
acoustic spring C A 
including hydraulic 
junction. 

Pi = V2 = Vi = V 
U 3 = U 1 - U t 
€ 2 = jo>C A p 



HH-. 



Elaster of compliance 



«i = v 2 
Connectible either in 
series with a high 
tube, or to sky 

Typical structure: 
a compliant dia- 
phragm separating 
two chambers filled 
with ideal fluid 



Torsional elaster of 
rotational compliance 
Cr 

Vri = V R2 

Connectible either 
in series with a high 
tube, or to sky 



Typical structure: 
a torsional spring 
reacting against a 
stationary support 



r-0>-, 



Acoustic elaster of 
acoustic compliance 
C A 

U x = U 2 
Connectible either 
in series with a high 
tube, or to sky 

Typical structure: 
a compliant dia- 
phragm separating 
two chambers filled 
with ideal fluid 



1 * *2 3 1 * J2 3 

a L 

-T"° "T- 

I or 1 




Three-terminal 
capacitor includ- 
ing soldered 
junction. 

E\ = E2 = Ez = E 
h = /1 - h 
h -jwCE 



Condenser of 
capacitance C 

/1 = U . 
Connectible either 
in series with a 
high wire, or to 
ground 

Typical structure: 
parallel plates 
between which 
there is a dis- 
placement current 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



If the masses are 
unequal 

1/m = (1/Wi) 

+ (l/m 2 ) 
Equations: same as 
for a mass (above) 



If the inertors are 

unequal 

\/J = (1/JO 

+ (W.) 
Equations: same as 
for a flywhee^ 
(above) 



If the inertors are 
unequal 

1/M = (1/M,) 

+ (1/M,) 
Equations: same as 
for an acoustic 
inertor (above) 



Equations: same as 
for a capacitor 
(above) 



Series and Parallel Combinations of Elements 
(The following combinations of general mobilities z can be extended to the pure elements. 
Thus, by analogy, the compliance of. two springs in series is Cm = C m + CW and the 
mass of two masses in parallel is m = mi + ra 2 , etc.) 



— V v^ 

Z\ Zi 

Mobilities in series 
z = Zi 4- Zt 



Immobilities in 
parallel (rigid 
junctions) 
V = 2/i + Vi 




Mobilities enmeshed 
by hydraulic meshers 

z = 2i + z 2 
Fj = F 2 = F 



ZRl Zr 2 f 

Rotational mobilities 
in series 

Zr = Zr\ + Zr2 



-aaA- 



2/Kl 



2/B2 

Rotational immobili- 
ties in parallel 
(rigid junctions) 

2/fi = VRl + 2/B2 




L^^/VA- 



ZR2 

Rotational mobili- 
ties enmeshed by 
hydraulic meshers 

Zr = Zr\ + ZR2 
Fri = Fr2 = Fr 



Zax Z A 2 

Acoustic mobilities 
in series 

Za = ZA\ + &A2 






2/A2 

Acoustic immobilities 
in parallel (rigid 
junctions) 

VA = VA\ + VA2 




U—AAA 



ZA2 

Acoustic mobilities 
enmeshed by hy- 
draulic meshers 

Za = Za\ -h Za2 
Pi = P2 = V 



--AAAM/VV^ 
Zi z 2 

Impedances in 
series 

Z = Z X + %2 



-rA/Wb 



y x 



J 2 

Admittances in 
parallel (soldered 
junctions) 

y = r, + r, 




LWVW 1 

z 2 

Impedances en- 
meshed by meshers 



Zx +Z 2 
h = / 
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Rectilineal 
mechanical 


Rotational 
mechanical 


Acoustic 


Electric 


Equations: same as 
for a spring (above) 


Equations: same as 
for a torsional 
spring (above) 


Equations: same as 
for an acoustic 
spring (above) 


Equations: same as 
for a capacitor 
(above) 



Series and Parallel Combinations of Elements 
(The following combinations of general impedances can be extended to the pure elements. 
Thus, by analogy, the mass of two masses in series is m = m x + m 2 and the compliance 
of two elasters in parallel is C M = C M \ + CV 2 , etc.) 



jrrtube 
i Zm\ Zm* 

Mechanical im- 
pedances in series 
Zm = Zm\ + Zm2 



■AAt 



Mechanical admit- 
tances in parallel 
(hydraulic junctions) 
Ym = Ym\ + Y M * 



Mechanical imped- 
ances enmeshed by 
rigid meshers 

Zm = Zjai + Zm2 

V x =r Vi = V 



Rotational im- 
pedances in series 

Zr = Zr\ + Zr2 



Y Ri 

Rotational admit- 
tances in parallel 
(hydraulic junctions) 

Yr = Yr\ + Yr2 



Zr2 

Rotational imped- 
ances enmeshed by 
rigid meshers 

Zr = Zr\ + Zrz 

Vri = Vr 2 = Vr 



Za\ Za2 

Acoustic impedances 
in series 

Za = Za\ -f- Za2 



i z x z 2 

Impedances in 

series 

Z = Z x + z 2 



■AAfe 



Acoustic admit- 
tances in parallel 
(hydraulic junctions) 
Y a = Y A\ + Y A1 



Z A * 

Acoustic imped- 
ances enmeshed by 
rigid meshers 
Za = Za\ + Za2 

U x = Ut = u 



— r-VWi 



y x 



MAA/b- 1 

* 2 

Admittances in 
parallel (soldered 
junctions) 
7 = Fx + F 2 




Z, 

Impedances en- 
meshed by meshers 



Z x + 2 2 
- J, -/ 
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Rectilineal 
mechanical 


Rotational 
mechanical 


Acoustic 


Electric 


Vibrators 


Generators 


+ -^ 


Vr Or Fr 

A rotational vibrator 
having a rotatomo- 
tive velocity v R or 
rotatomotive torque 
Fr as marked 


+ —+- 

TiTfiV":. 


— UJ^ 

EotI 
A generator having 
an electromotive 
force E or current / 
as marked 


^v or F 
A vibrator having a 
vibromotive velocity 
v or vibromotive 
forced as marked 


U or p 
An acoustic vibrator 
having an acousto- 
motive volume 
velocity U or 
acoustomotive sound 
pressure p as marked 



Meters and Their Connections 



F , 



Meters with rigid 
junctions measure: 
Force F through or 
into z 

Velocity Vi at or of 
terminal 1 
Velocity v l2 across z 

Z - *vj? 



-® 1 

Fr 



-v\A- 



Zr 



J)r\ Vriz 

Meters with rigid 
! junctions measure: 
Torque F R through or 
into Zr 

Velocity v Ri at or of 
terminal 1 

Angular velocity v R12 
across zr 

Zr = Oru/Fb 



V z A 

u 1 u 12 

Meters with rigid 
junctions measure: 
Sound pressure p 
through or into za 
Volume velocity Ui 
at or of terminal 1 
Volume velocity Uu 
across z A 
za = O lt /P 



KZ>tW 

/ z 

E\ E\2 

Meters with soldered 
junctions measure: 
Current / through 
or into Z 

Voltage Ex at or of 
terminal 1 
Voltage En across Z 

- Bu/1 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Vibrators 



Acoustic 



Electric 



Generators 



^r- 



Fort; 
A vibrator pumping 
a vibromotive force 
F or velocity v as 
marked 



^^ F B or v R 
A rotational vibrator 
having a rotato- 
motive torque F B or 
angular velocity v B 
as marked 



p or U 
An acoustic vibrator 
having an acousto- 
motive sound pres- 
sure p or volume 
velocity U as marked 



Eor I 
A generator having 
an electromotive 
force E or current 
/ as marked 



Meters and Their Connections 



*® 






fgW2P 

*\ F 12 

Meters with hydrau- 
lic junctions measure : 
Velocity v through or 
into Z M 

Force Fi at or of 
terminal 1 
Force F i2 across Z* 

Zm — Fu/6 




•|RZW2P 



Fri Fr 12 

Meters with hydrau- 
lic junctions measure 
Angular velocity v R 
through or into Z R 
Torque F R1 at or of 
terminal 1 
Torque F* 12 across 
Z B 

Zr = Pr X2 /€r 




•iRZWZF 



Meters with hydrau- 
lic junctions measure 
Volume velocity U 
through or into Z A 
Sound pressure p x 
at or of terminal 1 
Sound pressure p X2 
across Z A 

Za = Pi*/Q 



z, 

Ei , -? 1 ?, 

Meters with soldered 
junctions measure: 
Current / through 
or into Z 

Voltage Ei at or of 
terminal 1 
Voltage Eu across 
Z 
Z = E l2 /T 



Erratum: The lower left symbol in each of the above diagrams in the first three columns should be a 
sky, not an earth. 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



Mutual Couplers. Only analogues of mutual inductance are shown though analogues of 
mutual resistance and mutual capacitance can be built using ideal transformers 



Cm2 



} Cu 



T 



Mutual compliance 
C M m between springs 
of self-compliances 
C M i and Cm2. 

v 2 = C Mm dFi/dt 

vi = C Mm dF 2 /dt 

v 2 = -jo)C Mm Fi etc. 

Coefficient of 

coupling 

k = CmJ^CmiCm* 

> TI2 _ Cm2 

—W> — 



Cm\ — 



Cm 



CMm/CM2. 

Ideal transformer 
with springs, equiva- 
lent to mutual 
springs above. 

Typical structure: 



A compliant hairpin 
with lever ratio n 2 /rii. 



Cr2 



} Cr w 



-r 



Cm 
Mutual rotational 
compliance C Rm be- 
tween torsional 
springs of self-com- 
pliances Cr\ and C R 2. 
v R 2 = C Rm dF R1 /dt 
Vri = C Rm dF R 2/dt 
v R 2 = -jo)C Rm FRietc. 
Coefficient of 

coupling 

k -.CWVCiCW 



n x Cn m 

Rm 
Cr2 



Cri — 



ftf* 

CR m /CR2 

Ideal transformer 
with springs, equiva- 
lent to mutual 
springs above. 

Typical structure: 
As above ; springs in 
series and parallel 
with primary differ- 
ential, geared to 
secondary differen- 
tial. 



c Al 

Mutual acoustic 
compliance C Am be- 
tween acoustic 
springs of self-com- 
pliances C A i and C A 
U 2 « C Am dpi/dt 
Ui = C Am dp2/dt 

ZJ 2 = —J0iC A mPl 

Coefficient of 
coupling . 

k = CaJ^CaiCa2. 



-^^ 



VCa 



L m 



> V!l — A2 
n x C A m 

W2 



u 

Mutual inductance 
L m between coils of 
self-inductances L\ 
and L2. 

E 2 = L m dl x /dt 
Ei = L m dh/dt 
E 2 = -jwL m Ti etc. 
Coefficient of 

coupling 

k = WN/LiL,. 



■ / ir u 

Ideal transformer 
with acoustic springs, 
equivalent to mutual 
springs above. 

Typical structure : 
A J:: ;:!-+- gas spring 




Gas spring on cou- 
pling member be- 
tween fluid filled 
differentials.. 



L 2 



-1 



Ni L m 

?m^ — w- 

L ^ 



LI/L2 

Ideal transformer 
with inductors, 
equivalent to mutual 
inductors above. 

Typical structure: 



JfflV. 



Proximate coils with 
air or iron core. 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



Mutual Couplers. Only analogues of mutual inductance are shown though analogues of 
mutual resistance and mutual capacitance can be built using ideal transformers 



m 2 



— nM- 



m m 



Mi 

Mutual mass m m be- 
tween masses of self- 
masses mi and m .. 



F 2 = m m dvi/dt 

Fi = m m dv 2 /dt 

ft = —j(*ym m Vi etc. 

Coefficient of 

coupling 

k = m m /\mim 2 . 



-JJ^z 



TI2 1W>2 

ni m m 

— / IT L — 

Wl — 



Ideal transformer 
with masses, equiv- 
alent to mutual 
masses above. 

Typical structure: 




/ T Y — 



Inertia on connector 
between differentials, 
plus series mass m'. 



J* 

Ji 
Mutual moment of 
inertia J m between 
rotational inertors of 
moments of inertia 
J 1 and J .... 
Fr 2 = J m dvRi/dt 
Fri = J m dv R2 /dt 
Fr2 = -jwJmVRi etc. 
Coefficient of 
coupling 
lc — J m /yJiJ2- 






Ideal transformer 
with inertors, equiv- 
alent to mutual 
inertors above. 

Typical structure: 




Inertia on connector 
between differentials, 
plus series inertor J'. 



M 2 



^-^f^ 



\ Mm 

-A 



Mi 
Mutual inertance 
M m between acoustic 
inertors of inertances 
Mi and M r 

p 2 = Mm dUi/dt 

Pi = M m dUi/dt 

Vi = —jwM m Ui etc. 

Coefficient of 

coupling 

k = M m /\MiM 2 . 



^m^ 



n 2 _ M 2 
rt L ~ M m 



Mi - 



MJ 
M2 



M1/M2 

Ideal transformer 
with acoustic iner- 
tors, equivalent to 
mutual inertors 
above. 
Typical structure: 




Inertia on connector 
between differentials, 
plus series inertor M'. 



— -w-4- 

Li 
Mutual inductance 
L m between coils of 
self-inductances Li 
and L 2 . 

E 2 = L m dh/dt 

Ei = L m dh/dt 

E 2 = —j<i)L m Ii etc 

Coefficient of 

coupling 

k = L m /\LiL 2 . 



vm 



N 2 



U 

Lm 

hi 

L* 



Li - 



LI/L2 

Ideal transformer 
with inductors, equiv- 
alent to mutual 
inductors above. 

Typical structure: 



-nfir- 



Proximate coils 
with air or iron core. 
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Rotational 



Acoustic 



Electric 



Ideal Transformers 



+ — - 




Lineal transformer 
with load 
The bracketed 
springs of great com- 
pliance symbolize the 
coupling of the 
velocities across 
primary and 
secondary, and the 
force through the 
rods, by means of 
levers shown below. 



v 2 = n 2 Vi/ni 
F\ — nzFz/rii 
Z\ = z 2 (n x /n 2 ) 2 
Typical structure : 
Hinged floating levers 
multiply the velocities 
across primary 
and secondary 





Rotational trans- 
former with load 
The bracketed 
springs of great com- 
pliance symbolize the 
coupling of the 
angular velocities 
across primary 
and secondary 
and the torque 
through the shafts, 
by means of gears 
shown below. 

v R2 = n 2 v RX /ni 
F B1 = n2F R2 /ni 
z*i = ZR 2 (ni/n 2 ) 2 
Typical structure: 
Primary and second- 
ary differentials 
with propeller shafts 
geared together 





n 2 /ni is lever ratio 



Very compliant 
dotted spring s may 
pass constant primary 
force with no second- 
ary force; not ideal 
at zero frequency 



n 2 /ni is gear ratio 



Analogous possi- 
bility 




Acoustic transformer 
with load 
The bracketed 
acoustic springs of 
great compliance 
symbolize the cou- 
pling of the volume 
velocities across 
primary and 
secondary, and the 
sound pressures 
through the -rods, by 
means of pistons 
below. 

U 2 = n 2 Ui/nt 
V\ = n 2 p 2 /ni 
Za\ = z A2 {n\/n 2 y 
Typical structure: 
Hydraulic differen- 
tials with cross-con- 
nected pistons 




n 2 /ni = A 2 /Ai 



Analogous possi- 
bility 



■ N 2 

L±J|cJ 
-— ±W= — 

Ni 
Electric trans- 
former with load 
The inductors of 
great inductance 
symbolize the cou- 
pling of the volt- 
es across the 
primary and the 
secondary, and 
the currents through 
the wires, by means 
of the iron core 
below. 

# 2 = N 2 EJN l 
/i = NJt/Nx 
Z, = Z 2 (N 1 /N 2 y 
Typical structure: 
Two coils wound 
on a laminated iron 
ring 




N 2 /Ni is turns ratio 



The primary may 
pass a constant 
current with no 
secondary current; 
not ideal at zero 
frequency 
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Rectilineal 



Rotational 



Acoustic 



Ideal Transformers 




Lineal transformer 
with load 

The bracketed masses 
of great mass sym- 
bolize the coupling 
of the forces across 
the primary and sec- 
ondary, and the 
velocities through the 
tubes, by auxiliary 
mechanism as shown 
below. 



F t = n^Fi/ni 
v t = niv 2 /n x 
Z m = Z M i{ni/n 2 y 
Typical structure: 
Two <iifferential dia- 
phragms or pistons, 
of different areas, 
actuated by the 
forces across primary 
and secondary, are con- 
nected by the dotted 

rod 

>4 2 




^S 



(ni/n 2 ) = (Az/Ai) 
The large mass(es) 
may pass constant 
primary velocity with 
no secondary veloc- 
ity; not necessarily 
ideal at zero 
frequency 



Rotational trans- 
former with load 
The bracketed rota- 
tional inertors of 
great moments of in- 
ertia symbolize the 
coupling of the 
torques across the pri- 
mary and secondary, 
and the angular ve- 
locities through the 
tubes, by auxiliary 
mechanism as shown 
below. 

F R2 = n 2 F Rl /n x 
Vri ='n 2 v R2 /ni 
Zri = Z R2 {n x /n 2 y 
Typical- structure : 
Two differentials 
actuated by the 
torques across pri- 
mary and secondary 
are rigidly intercon- 
nected by the dotted 
shaft 




LhnoCN— 



(ni/n 2 ) = (4 2 /ii) 
Analogous possi- 
bility 



Acoustic transformer 
with load 
The bracketed 
acoustic inertors of 
great inertances 
symbolize the cou- 
pling of the sound 
pressures across the 
primary and second- 
ary, and the volume 
velocities through the 
tubes, by auxiliary 
mechanism as shown 
below. 

p 2 = n 2 pi/n 2 
Ui = n 2 U 2 /n x 
Z A \ = Z A 2(n l /n 2 ) i 
Typical structure: 
Same as the rec- 
tilineal transformer 
but the terminal 
tubes are of any 
areas 



(tti/n 2 ) = U2M1) 
Analogous possi- 
bility 



Electric 



I N 2 



+-*m^ — 

N 1 
Electric transformer 
with load 
The inductors of 
great inductance 
symbolize the cou- 
pling of the volt- 
ages across the 
primary and second- 
ary, and the cur- 
rents through the 
wires, by an iron 
core shown below. 



E 2 = N 2 E X /N X 
h = N 2 I 2 /N X 
Z x = Z 2 (N X /N t y 
Typical structure: 
Two coils wound on 
an iron ring 




Ni/N 2 is turns ratio 
The primary may 
pass a constant 
current with 
no secondary 
current, not 
ideal at zero 
frequency 
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Acoustic 



Electric 



TO® 

V\ 2/2 yz 
Multiple element 
velocity transformer 
with loads. 



7i\ n% n% 




*-©" 



\ 

Vri Vr2 Vrz 
Multiple element 
angular velocity 
transformer with 
loads. 

Vri Vr 2 Vrz 

n 2 n 3 



2/2 



2/fli 



Typical structure: 



-fey 



2/»2 



+ 



©'»■■ 




Typical structure. 
A multiplicity of 
differentials with 
their propeller shafts 
geared together 



Hinged lever differ- 
entials in parallel. 






I t yLvjCLyj r t 1lv\a1l^^ 



Z\ Z 2 z% 

Multiple element 
force transformer 
with loads. 
U\Fi = U2F2 = 713F3 



w Z2 



Zr\ Zr 2 Zrz 

Multiple element 
torque transformer 
with loads. 
UiFri = n 2 F. R2 

= nzF Rl 



Typical structure : 



/n,y 

ZR1 = [— ) ZR2 

\n 9 l 



(nJ Z - 




JfiXi 






Hinged lever differ- 
entials in series. 



Typical structure: 
A multiplicity of 
differentials with 
propeller shafts 
geared through 
differentials. 



TO® 

Va\ Va2 Vaz 
Multiple element 
volume velocity 
transformer with 
loads. 

V± = Hi = Hi 

U\ 7i 2 Uz 

Typical structure: 




Hydraulic differen- 
tials with top piston 
are as rii, n^and n 3 . 

1 f IL^/\/JL^/u 

%A\ ZA2 &AZ 

Multiple element 
sound pressure trans- 
former with loads, 
nipi = n 2 p 2 = n 3 p 3 



ZAi= \nJ ZA2 



+ 



Ci)' 



Zaz 



Typical structure : 



Hydraulic differen- 
tials with whifne- 
trees. Top piston 
areas are ni, n 2 
and n%. 



Fx y 2 y s 

Multiple element 
voltage transformer 
with loads. 



Hi 

N 2 






Typical structure: 



mM 



Ring core with coils 

of N lt N 2 and N z 
tur ns. 

2i\ 7i 2 Zz 

Multiple element 
current transformer 
with loads. 
NJ X = N 2 I 2 = NJ* 

Typical structure: 



^fZSC^ 



Parallel leg core 
with coils of Ni, 
N 2 and N z turns. 
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Rotational 
mechanical 



Acoustic 



Electric 



If Ib^Lj^J 

YmI Ym2 Ym3 

Multiple element 
force transformer 
with loads. 

F\ F* Fs 
ri\ n 2 n>z 

Y M Y 

I Ml = \ — ] * M2 



t 

Yr\ Yr 2 Yrz 

Multiple element 
torque transformer 
with loads. 



'-©'■ 



Fei 

n x 

Yei 



■©' 



_ ^ R2 
n 2 



+ 



n 3 

Yr2 



Ya\ Y At Y A3 

Multiple element 
sound pressure trans- 
former with loads. 



Pi _ P2 _ Ps 
n\ n 2 n 3 



pro 



*■-©* 



■©" 



*A3 



Typical structure: 



Typical structure: 
3£^ 




Typical structure: 
3£- 



fi F 2 7 3 
Multiple element 
voltage transformer 
with loads. 

Ei E 2 Ez 

n[ = ¥ 2 = ¥ z 

Typical structure: 




ftmm 



The n's are inversely 
proportional to pis- 
ton areas. 



ZmI Zm2 Zmz 

Multiple element 
velocity transformer 
with loads. 



riiVi = n 2 v 2 = 713V3 

Zui = [ ) Zm2 

Typical structure: 




The n's are inversely 
proportional to pis- 
ton areas. 



The n's are inversely 
proportional to the 
piston areas. 

Zr\ Zr 2 Zr% 

Multiple element 

angular velocity 

transformer with 

loads. 

tiiVri = n 2 v R2 = n>« 3 

Zri = ( — ) Zr 2 

\n 2 / 
Typical structure: 



The n's are inversely 
proportional to the 
pis ton areas. 

Za\ Za2 Za* 

Multiple element 

volume velocity 

transformer with 

loads. 

riiUi = n 2 U 2 = n 3 Uz 




The n's are inversely 
proportional to the 
piston areas. 



Za\ = ( J Za2 

w 

♦©■* 

Typical structure: 



f^^P^^ 



■JW^'JW 



The n's are inversely 
proportional to the 
piston areas. 



The N'a are propor- 
tional to the num- 
ber s of turns. 

Z\ Z 2 //$ 

Multiple element 
current transformer 
with loads. 



N l I 1 = N 2 I 2 = #3/3 
Typical structure: 



3f_Jf* 



The N's are propor- 
tional to the num- 
bers of turns. 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



The Conservative Ideal Direct Transducers and Transformers, Which Couple Through 
Variables to Through Variables, and Across Variables to Across Variables 



n M 



-rp- 



rod 



—rW* 

N 

Electromechanical 
current-force 
transducer 

E/N = v/n M 
NI = n M F 
Z = z(N/n M y 
N/n M may be in 
newtons per amp or 
volts per m/sec 



— nr^ 



-nfiu 



rod 



acoustic 
rod 



n A 



Acoustomechanical 
sound pressure-force 
transducer 






-^ 



rod 



shaft 

Ur 

Rotato-rectilineal 

torque-force 

transducer 



n M 2 
^ 

— fjjv* 



rod 



rod 



Mechanical trans- 
former 



n R 



— ^ 



shaft 



N 
Electrorotational 
current-torque 
transducer 
E/N = v R /n R 
NI = urFr 
Z = z R (N/n R y 
N/n R may be in 
newton m per amp or 
volts per radian/sec 



n R 

— W* 



— r W- 



shaft 



acoustic 



rod 
n A 
Acoustorotational 
sound pressure- 
torque transducer 



n R2 

— ^ 



—W* 



shaft 



shaft 



Rotational trans- 
former 



n A 



acoustic 



rod 



— W* 

N 
Electroacoustic 
current-sound pres- 
sure transducer 

E/N = U/n A 
NI = n A p 
Z = z A (N/n A y 
N/n A may be in 
newtons/m 2 per amp 
or volts per m 3 /sec 



n A2 

— / WH 
— <W* 



acoustic 



rods 



n Al 
Acoustic transformer 



-W- -II— 

= or 

-W Ik- 

Electric trans- 
former 



Ex/Nx = E 2 /N 2 
NJx = N 2 I 2 
Z x = Z 2 (N X /N 2 ) 
Nx/Nt is the 
transformer ratio 



All these transducers and transformers 
have equations and units of the form given 
in the top row 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



The Conservative Ideal Direct Transducers and Transformers, Which Couple Through 
Variables to Through Variables, and Across Variables to Across Variables 



Nm * ^ 

- AH 


tube 


ID 

+ ii - 


» 


ii 

AT 


wire 



Electromechanical 

voltage-force 

transducer 

E/N = F/Nm 
NI = N M v 
Z = Z M (N/N M y 
N/N M may be in 
volts per newton or 
m/sec per amp 



N M 

N A 



tube 



unit area 



tube 
any area 

Acoustomechanical 
sound pressure-force 
transducer 



N* 



& 



N B 
Rotato-rectilineal 
torque-force 
transducer 



tubes 






N* 



N M1 tubes j\r M1 
Mechanical trans- 
former 



N R 



"V 



-h 



^Ul-^ 



tube 



AT 

Electrorotational 
voltage-torque 
transducer 
E/N = F R /N R 
NI = N R v R 
Z = Z R (N/N R y 
N /N M may be in 
volts per newton m or 
radians/sec per amp 



tube 




tube 



Acoustorotational 
sound pressure- 
torque transducer 



N R 



N R 



_. or 

N Rl tubes ' N Rl 
Rotational trans- 
ducer 



N A 



■& 



_+IL_-i 



tube 



N - wire 

Electroacoustic 
voltage-sound pres- 
sure transducer 

E/N = p/N A 
NI = N A U 
Z = Z A (N/N A y 
N/N A may be in 
volts per newton/m s 
or m 2 /sec per amp 



N A2 N A2 

>ort jT 

N A1 tnhes 'N Al 
Acoustic transformer 



N 2 



N 2 



^W^^- 



Nl wires tfj 
Electric 

(voltage-voltage) 
transformer 
E 1 /N 1 = E 2 /N 2 
NJ, = N 2 I 2 
Z x = Z 2 {NJN 2 y 
N x /Nt is the 
transformer 
ratio 



All these transducers and transformers 
have equations and units of the form given 
in the top row. 

Two styles of symbol are rational for 
each of these elements since mutual- 
capacitance transformers and mutual- 
inductance transformers are equivalent in 
function 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



The Conservative Ideal Inverse Transducers and Transformers, Which Couple Through 
Variables to Across Variables 



n M +-- ■*- 
mi rod 


n R +— -*- 
1flf\ 1 shaft 


n A +---*• 
fKK\ ) acoustic 


N 2 


u ** 




00 * 




UU * 


rod 


uuu * 


wires 


+"ii- 


wire 


+ l|- 


wire 


+ 11" 


wire 


+ ir 




Electromechanical 
voltage-force 
inverse transducer 

E/N = n M F 
NI = v/n M 
Z = y(Nn M y 
Nn M may be in 
volts per newton or 
m/sec per amp 


2\T I" J 

Electrorotational 
voltage-torque 
inverse transducer 

E/N = urFr 
NI = ^fi/ns 
Z = y B (Nn B y 
Nur may be in volts 
per newton m or 
radian/sec per amp 


N" J 
Electroacoustic 
voltage-sound pres- 
sure inverse 
transducer 
E/N = n A v 
NI = U/ua 
Z = y A (Nn A y- 
Nn A may be in volts 
per newton/m 2 or 
m 3 /sec per amp 

n A 2 


N II ■■) 
Electric 
voltage-current 
inverse transformer. 
A gyrator 
Ex/Nx - N 2 h 
NJ, = E 2 /N 2 

z x = r 2 (i\w 

N x Ni is the transfer 
impedance in ohms, 
or volts/amp 


m „ lrod 


n R 

IflO x 1 shaft 




u ■ *■ 




uu * 




UU * 


acoustic 




ctj^czd 


acoustic 


CD^CZ] 


acoustic 


•=V= 1 


• rods 




4- n A —*■ rod 
Acoustomechanical 
volume velocity-force 
inverse transducer 


+ IfiA — ' rod 
Acoustorotational 
volume velocity- 
torque inverse trans- 
ducer 


+ n A — j 
Acoustic volume veloc- 
ity-sound pressure 
inverse transformer. 
An acoustic gyrator 




nr\ . 1 rod 


7lR2 


All these transducers and transformers have 




shaft 


uu * 


shafts 


equations and units of the form given in 

the top row. 

Either primary or secondary could 


+ n B - ■) 
Rotato-rectiUneal 
angular velocity-force 
inverse transducer 


+ n R1 - 
Rotational a 
velocity-torq 
inverse trans 
A gyroscope 


agular 

ue 

former. 


rationally appear analogous to either an 
inductor or capacitor 


n M 2 






*1fl0 > 








UU *■ 


rods 




+ ^ - 






Mechanical 
velocity-force 
inverse transducer. 
A lineal gyrator 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



The Conservative Ideal Inverse Transducers and Inverse Transformers, Which Couple 
Through Variables to Across Variables 



N M 



-4 



-jn+ 



-jfW^ 



tube 



Electromechanical 
current-force 
inverse transducer 

E/N = Nw 
NI = F/N M 

z = y m (nNm) % 

NN m may be in 
newtons per amp or 
volts per m/sec 



N M 



tube 



unit area 



tube 



N A } any area 
Acoustomechanical 
volume velocity-force 
inverse transducer 



N M 



-H 



1&- 



tube 



tube 



Rotato-rectilineal 
angular velocity- 
force inverse trans- 
ducer 



N* 






tubes 



Nmi 

Mechanical 
velocity-force 
inverse transformer. 
A lineal gyrator 



tube 



Nr 

— JflilN _ 

Electrorotational 
current-torque 
inverse transducer 

E/N = N R v B 
NI = Fb/Ne 
Z = Y B (NN S ) 2 
NNr may be in new- 
ton m per amp or 
volts per radian/sec 

N~ R 



^F 



tube 



unit area 



tube 



N A i any area 
Acoustorotational 
volume velocity- 
torque inverse trans- 
ducer 



N B2 
-end- 



^ 



irW- 



tubes 



Rotational angular 
velocity-torque 
inverse transducer. 
A gyroscope 



N A 



tube 



Electroacoustic 
current-sound pres- 
sure inverse trans- 
ducer 

E/N = N A U 
NI = p/Na 
Z = Ya(NN a ) 2 
NN a may be in new- 
tons/m 2 per amp or 
volts per m 3 /sec 

N~ 2 



-=& 



tubes 
any area 



N* 



-II + 



Electric 
current-voltage 
inverse transformer. 
A gyrator 
Ei/Nx = N 2 I 2 
Nxh = E 2 /N 2 
Z, - Y 2 (N,N 2 y 
NiN 2 is the transfer 
impedance in 
ohms, or volts/amp 



Acoustic volume veloc- 
ity-sound pressure 
inverse transformer. 
An acoustic gyrator 



All these transducers and transformers 
have equations and units of the form 
given in the top row. 
Either primary or secondary could 
rationally appear analogous to either an 
inductor or capacitor 
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Rectilineal 
mechanical 



Rotational 
mechanical 



Acoustic 



Electric 



The Conservative Ideal Inverse Autotransformers for Connecting a Rod Diagram to a 
Tubing Diagram at a Change of Analogy. Through Variables Are Coupled to Across 
Variables 



sky n m 
rod 1 / 



+ tube 



v across 
n M 



unit area 

IP— + 
nM earth 

= N M v thru 



n M F thru = Facross 

N M 

z = Y M (n M N M y 
n M N M is the trans- 
former factor, 
reciprocal of piston 
area, often unity 
Typical structure: 
sky 

tube 



T? 



rod 



unit area 



sky N R 
.j^+.jube 

shaft 



unit area 
n * earth 



v R across 



n R 



- N R v R thru 



n R F R thru = F " across 

N R 



z R = Y R (n R N R y 
tirNr is the trans- 
former factor, often 
unity 

Typical structure : 
*sky 

tube 




pump 
handle 



- unit area 



sky N A 

•jKt> + tube 



acoustic 



rod 

U across 



any area 
earth 



n A 



n A 



= N A U thru 



n A p thru _ V across 

N A 



z A = Y A (n A N A y 
n A N A is the trans- 
former factor, often 
unity 

Typical structure : 
sky tube 



-4=" any area 



ground ^2 
,1 - II + wire 



w-t 



tfi 



ground 



Ei across 



N l 



N 2 I 2 thru 



NJx thru = E * across 

Zy = F 2 (AW 
NiN 2 is the trans- 
fer impedance in 
ohms, or volts/amp. 

Typical structure : 
A moving coil trans- 
ducer connected 
mechanically to an 
electrostatic trans- 
ducer 
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[Text continued from page 3-143.] 

parallel combination of these elements would with perfect analogy be the sum of the 
individual mechanical admittances: Y M = Y M \ + Y M 2 + Y M *. 

3m-10. Couplers: Transformers and Transducers. A coupler introduces a con- 
straint between circuits or between different portions of the same circuit. It specifies 
relationships between variables at different places, a more complicated type of rela- 
tionship than the 1 to 1 specified by connectors, which might be considered as simplified 
couplers. Ideal passive couplers transmit energy but store none. Direct couplers 
couple through variables to through variables and across to across, while inverse 
couplers couple through variables to across variables. Transformers and transducers 
couple like and unlike system types, respectively. In general, a transformer con- 
sists of a subtracter operated by the difference between the values of a variable at two 
points, actuating a multiplier, the multiplied value then being impressed as a differ- 
ence between the values of a variable at two other points. 

3m-ll. Units. While any consistent system of units may be used in computations 
with analogies, the mks system is particularly advantageous since the watt will then 
be the unit of power in both the acoustic, mechanical, and electric portions of a 
transducer. Thus velocity v is in m/sec, force F in newtons, mobility z in m/sec per 
newton; angular velocity v R is in radians /sec, torque F R in newton m, rotational 
mobility z R in radians/sec per newton m; volume velocity U is in m 3 /sec, sound 
pressure p in newtons/m 2 , acoustic mobility z A in m 3 /sec per newton/m 2 ; voltage E 
is in volts, current / in amperes, impedance Z in ohms. Power P is in watts and energy 
W in joules, throughout. 
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4a. Temperature? Scale^ Thermocouples, and 
Resistant l^Hetinometers 
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Data or aptM py«>m^ 

Table 4a-l. Equations Relating the Common Temperature Scales 
Celsius — Fahrenheit 

t°C = f (*°F - 32) : pr 9(*°C +40) = 5(*°F + 40) 

where °C = °Celsius (international scale) 

°F = °Fahrenheit 
Celsius— Kelvin (Absolute Thermodynamic) 

T°K = t°C + To +e c 
where °K = °Kelvin 

To = temperature of the ice point on the absolute thermodynamic scale 

(273.16°K) 
e c = correction term in Celsius degrees 
Fahrenheit — Rankine 

T°R = lr°K or T°R = t°¥ + T + *f 

where °R = °Rankine 

To = temperature of the ice point on the absolute thermodynamic scale 

[1(273.16) - 32 = 459.69°R] 
eF = correction term in Fahrenheit degrees 
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c 2 = 1.438 cm deg 

To = temperature of the ice point, °K 
X = a wavelength of the visible spec- 
trum 
e = base of Naperian logarithms 
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Table 4a-3. Corresponding Temperatures on the International Temperature 

Scales of 1948 and 1927* 

[Degrees C (int.)] 



1948 


1927 


1948 


1927 


630.50 


630.50 


2100 


2107 


650 


649.92 


2200 


2208 


700 


699.76 


2300 


2310 


750 


749.65 


2400 


2411 


800 


799.58 


2500 


2512 


850 


849.57 


2600 


2613 


900 


899.60 


2700 


2715 


950 


949.68 


2800 


2816 


960.80 


960.50 


2900 


2918 


1000 


999.80 


3000 


3020 


1050 


1049.95 


3100 


3122 


1063.00 


1063.00 


3200 


3223 


1100 


1100.2 


3300 


3325 


1200 


1200.6 


3400 


3428 


1300 


1301.1 


3500 


3530 


1400 


1401.7 


3600 


3632 


1500 


1502.3 


3700 


3735 


1600 


1603.0 


3800 


3837 


1700 


1703.8 


3900 


3940 


1800 


1804.6 


4000 


4043 


1900 


1905.5 


4100 


4146 


2000 


2006.4 


4200 


4249 



* Robert J. Corruccini, Differences between the International Temperature Scales of 1948 and 1927, 
/. Research, Natl. Bur. Standards 43, 133 (1949), RP2014. 
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Table 4a-4. Secondary Fixed Points under the Pressure of 1 Standard 
Atmosphere (Except for the Triple Points)* 

Temp. (°C) 
(Int. 1948) 
Temperature of equilibrium between solid carbon dioxide and its vapor. . —78.5 



t P = -78.5 + 12.12 (£..- l) - 6.4 (^ - l)* 



Temperature of freezing mercury . — 38 . 87 

Temperature of equilibrium between ice, water, and its vapor (triple point) +0 . 0100 

Temperature of transition of sodium sulfate decahydrate 32.38 

Temperature of triple point of benzoic acid 122 . 36 

Temperature of equilibrium between naphthalene and its vapor 218.0 



t p = 218.0 + 44.4 (—- l) - 19 (— ~ l) 2 



Temperature of freezing tin 231 .9 

Temperature of equilibrium between benzophenone and its vapor 305 .9 



t, = 305.9 + 48.8 (£ - l) - 21 (i - l)* 



Temperature of freezing cadmium 320 . 9 

Temperature of freezing lead 327 .3 

Temperature of equilibrium between mercury and its vapor 356.58 

t p = 356.58 + 55.552 (■£- - l) - 23.03 (&- - lY + 14.0 (%- - lV 

Temperature of freezing zinc 419 . 5 

Temperature of freezing antimony 630 . 5 

Temperature of freezing aluminum 660 . 1 

Temperature of freezing copper in a reducing atmosphere. . 1083 

Temperature of freezing nickel 1453 

Temperature of freezing cobalt ... 1492 

Temperature of freezing palladium 1552 

Temperature of freezing platinum 1769 

Temperature of freezing rhodium 1960 

Temperature of freezing iridium 2443 

Temperature of melting tungsten 3380 

* H, F. Stimson, The International Temperature Scale of 1948, /. Research Natl. Bur. Standards 42 
(1949), RP1962. 



4-6 HEAT 

Table 4a-5. Thermal Emf of Chemical Elements Relative to Platinum* 



Temp., 


Lithium, 


Sodium, 


Potas- 


Rubid- 


Cesium, 


Calcium, 


Cerium, 


°C 


mv 


mv 


sium, mv 


ium, mv 


mv 


mv 


mv 


-200 


-1.12 


+ 1.00 


+ 1.61 


+ 1.09 


+0.22 






-100 


-1.00 


+0.29 


+0.78 


+0.46 


-0.13 






























+ 100 


+ 1.82 










-0.51 


+ 1 . 14 


200 












-1.13 


2.46 


300 












-1.85 




Temp., 
°C 


Magne- 
sium, mv 


Zinc, 
mv 


Cad- 
mium, 
mv 


Mercury, 
mv 


Indium, 
mv 


Thallium, 
mv 


Alumi- 
num, mv 


-200 


+0.37 


-0.07 


-0.04 








+0.45 


-100 


-0.09 


-0.33 


-0.31 








-0.06 


























+ 100 


+0.44 


+0.76 


+0.90 


-0.60 


+0.69 


+0.58 


+0.42 


200 


+ 1.10 


1.89 


2.35 


-1.3S 




1.30 


1.06 


300 




3.42 


4.24 






2.16 


1.88 


400 




5.29, 










2.84 


500 














3 93 


600 














5.15 


Temp., 


Carbon, 


Silicon, 


Germa- 


Tin, 


Lead, 


Anti- 


Bismuth, 


°c; 


mv 


mv 


nium, mv 


mv 


mv 


mony, mv 


mv 


-200 




+63.13 


-46.00 


+0.26 


+0.24 




+ 12,39 


-100 




+37.17 


-26.62 


-0.12 


-0.13 




+7.54 


























+100 


+0.70 


-41.56 


+33.9 


+0.42 


+0.44 


+4.89 


-7.34 


200 


1.54 


-80.58 


72.4 


1.07 


1.09 


10.14 


-13.57 


300 


2.55 


-110.09 


91.8 




1.91 


15.44 




400 


3.72 




82.3 






20.53 




500 


5.15 




63.5 






25.10 




600 


6.79 




43.9 






28.88 




700 


8.84 




27.9 






• 




800 


11.01 














900 


13.59 














1000 


16.51 














1100 


19.49 















See page 4- 7 for footnotes. 
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Table 4a-5. Thebmal Emf of Chemical Elements Relative to Platinum* 

(Continued) 



Temp., 
°C 


Copper, 
mv 


Silver, 
mv 


Gold, 
mv 


Iron, 
mv 


Cobalt, 
mv 


Nickel, 
mv 


-200 
— 100 


-0.19 

-0.37 



+0.76 

1.83 

3.15 

4.68 

6.41 

8.34 

10.49 

12.84 

15.41 

18.20 


^0.21 
—0 39 


-0.21 

-0.39 



+0.78 

1.84 

3.14 

4.63 

6.29 

8.12 

10.13 

12.29 

.14.61 

17.09 


-3.10 

-1.94 



+ 1.98 

3.69 

5.03 

6.08 

7.00 

8.02 

9.34 

11.09 

13.10 

14.64 




+2.28 
+ 1.22 



+ 100 
200 
300 
400 
500 
600 v 
700 
800 
900, 
1000 




+0.74 

1.77 

3.05 

4.57 

6.36 

8.41 

10.75 

13.36 

16.20 





-1.33 
-3.08 
-5.10 
-7. .24 
-9.35 
11.28 
12.88 
14.00 
14.49 
14.20 



-1.48 
-3.10 
-4.59 
-5.45 
-6.16 
-7.04 
-8.10 
-9.35 
-10.69 
-12.13 


1100 








-12.98 
-10.68 


-13.62 


1200 






















Temp., 
°C 


Iridium, 
mv 


Rhodium, 
mv 


Palla- 
dium, mv 


Molyb- 
denum, 
mv 


Tung- 
sten, mv 


Tanta- 
lum, mv 


Thorium, 
mv 


—200 


-0.25 

-0.35 



+0.65 

1/49 

2.47 

3.55 

4.78 

6.10 

7.56 

9.12 

10.80 

12.59 

14.48 

16.47 

1R 47 


-0.20 

-0.34 



+0.70 

1.61 

2.68 

3.91 

5.28 

6.77 

8.40 

10.16 

12.04 

14.05 

16.18 

18.42 

20 70 


+0.81 

+0.48 



-0.57 

-1.23 

-1.99 

-2.82 

-3.84 

-5.03 

-6.41 

-7.98 

-9.72 

-11.63 

-13.70 

-15.89 

-18 12 




+0.43 

-0.15 



+ 1.12 

2.62 

4.48 

6.70 

9.30 

12.26 

15.60 

19.30 

23.36 

27.80 

32.60 

37.78 


+0.21 

-0.10 



+0.33 

0.93 

1.79 

2.91 

4.30 

5.95 

7.87 

10.05 

12.49 

15.20 

18.17 

21.41 




-100 



+ 100 

200 

300 

400 

500 

600 

700 

800 

900 

1000 

1100 

1200 

1300 




+ 1.45 

3.19 

5.23 

7.57 

10.20 

13.13 

16.35 

19.87 

23.69 

27.80 

32.21 

36.91 



-0.13 
-0.26 
-0.40 
-0.50 
-0.53 
-0.45 
-0.21 
+0.22 
+0.87 
+1.73 
+2.80 
+4.04 
+5.42 


1400 
1500 




20.48 
22.50 




23.00 
25.35 


* 


20.41 
22.74 













* A positive sign means that in a simple thermoelectric circuit the resultant emf as given is in such a 
direction as to produce a current from the element to the platinum at the reference junction (0°C). 

The values below 0°C, in most cases, have not been determined on the same samples as the values 
above 0°C. 

American Institute of Physics, "Temperature, Its Measurement and Control in Science and Indus- 
try," pp. 1308-1310, Reinhold Publishing Corporation, New York, 1941. 
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Table 4a-6. Thermal Emf of Important Thermocouple Materials Relative 

to Platinum* 



Temp., 


Chromel P, 


Alumel, 


Copper, 


Iron, 


Const ant an, 


°C 


mv 


mv 


mv 


mv 


mv 


-200 


-3.36 


+2.39 


-0.19 


-2.92 


+5.35 


-100 


-2.20 


+ 1.29 


-0.37 


-1.84 


+2.98 




















+100 


+2.81 


-1.29 


+0.76 


+1.89 


-3.51 


200 


5.96 


-2.17 


1.83 


3.54 


-7.45 


300 


9.32 


-2.89 


3.15 


4.85 


-11.71 


400 


12.75 


-3.64 


4.68 


5.88 


-16.19 


500 


16.21 


-4.43 


6.41 


6.79 


-20.79 


600 


19.62 


-5.28 


8.34 


7.80 


-25.47 


700 


22.96 


-6.18 


10.49 


9.12 


-30.18 


800 


26.23 


-7.08 


12.84 


10.86 


-34.86 


900 


29.41 


-7.95 


15v41 


12.84 


-39.45 


1000 


32.52 


-8.79 


18.20 


14.30 


-43.92 


1100 


35.56 


-9.58 








1200 


38.51 


-10.34 








1300 


41.35 


-11.06 








1400 


44.04 


-11.77 









♦American Institute of Physics, "Temperature, Its Measurement and Control in Science and 
Industryi" PP. 1308-1310, Reinhold Publishing Corporation, New York, 1941. 
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Table 4a-7. Thermal Emf of Some Alloys Relative to Platinum* 



Temp., 
°C 


Man- 

ganin, 

mv 


Gold- 
chro- 
mium, 
mv 


Copper- 
beryl- 
lium, 
mv 


Yellow 

brass, 

mv 


Phosphor 

bronze, 

mv 


Solder 

50 Sn- 

50 Pb, 

mv 


Solder 

96.5 Sn- 

3.5 Ag, 

mv 











.0 














+ 100 


+0.61 


-0.17 


+0.67 


+0.60 


+0.55 


+0.46 


+0.45 


200 


1.55 


-0.32 


1.62 


1.49 


1.34 






300 


2.77 


-0.44 


2.81 


2.58 


2.34 






400 


4.25 


-0.55 


4.19 


3.85 


3.50 






500 


5.95 


-0.63 




5.30 


4.81 






600 


7.84 


-0.66 




6.96 


6.30 






Temp., 
°C 


' 18-8 
stainless 
steel, 
mv 


Spring 

steel, 

mv 


80 Ni 

20 Cr, 

mv 


60 Ni- 
24 Fe- 
16 Cr, 

mv 


Copper 

coin 

(95 Cu- 

4Sn- 

lZn), 

mv 


Nickel 

coin 

(75 Cu- 

25 Ni), 

mv 


Silver 
coin 
(90 Ag- 
10 Cu), 
mv 


























+ 100 


+0.44 


+ 1.32 


+ 1.14 


+0.85 


+0.60 


-2.76 


+0.80 


200 


1.04 


2.63 


2.62 


2.01 


1.48 


-6.01 


s 1.90 


300 


1.76 


3.81 


4.34 


3.41 


2.60 


-9.71 


3.25 


400 


2.60 


4.84 


6.25 


5.00 


3.91 


-13.78 


4.81 


500 


3.56 


5.80 


8.31 


6.76 


5.44 


-18.10 


6.59 


600 


4.67 


6.86 


10.53 


8.68 


7.14 


-22.59 


8.64 


700 


5.93 




12.91 


10.78 








800 


7.37 




15.44 


13.06 








900 


8.99 




18.11 


15 50 








1000 






20.91 


18.10 









* American Institute of Physics, "Temperature, Its Measurement and Control in Science and Indus- 
try," pp. 1308-1310, Reinhold Publishing Corporation, New York, 1941. 
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Table 4a-8. Platinum vs. Platinum-10% Rhodium Thermocouples* 
[Emf, absolute millivolts; temp., °C (int. 1948); reference junctions at 0°C] 



°c 





10 


20 


30 


40 


50 


60 


70 


80 


90 


100 





0.000 


0.056 


0.113 


0.173 


0.235 


0.299 


0.364 


0.431 


0.500 


0.571 


0.643 


100 


0.643 


0.717 


0.792 


0.869 


0.946 


1.025 


1.106 


1.187 


1.269 


1.352 


1.436 


200 


1.436 


1.521 


1.607 


1.693 


1.780 


1.868 


1.956 


2.045 


2.135 


2.225 


2.316 


300 


2.316 


2.408 


2.499 


2.592 


2.685 


2.778 


2.872 


2.966 


3.061 


3.156 


3.251 


400 


3.251 


3.347 


3,442 


3.539 


3.635 


3.732 


3.829 


3.926 


4.024 


4.122 


4.221 


500 


4.221 


4.319 


4.419 


4.518 


4.618 


4.718 


4.818 


4.919 


5.020 


5.122 


5.224 


600 


5.224 


5.326 


5.429 


5.532 


5.635 


5.738 


5.842 


5.946 


6.050 


6.155 


6.260 


700 


6.260 


6.365 


6.471 


6.577 


6.683 


6.790 


6.897 


7.005 


7.112 


7.220 


t.329 


800 


7.329 


7.438 


7.547 


7.656 


7.766 


7.876 


7.987 


8.098 


8.209 


8.320 


8.432 


900 


8.432 


8.545 


8.657 


8.770 


8.883 


8.997 


9.111 


9.225 


9.340 


9.455 


9.570 


1000 


9.570 


9.686 


9.802 


9.918 


10.035 


10.152 


10.269 


10.387 


10.505 


10.623 


10.741 


1100 


10.741 


10.860 


10.979 


11.098 


11.217 


11.336 


11.456 


11.575 


11.695 


11.815 


11.935 


1200 


11.935 


12.055 


12.175 


12.296 


12.416 


12.536 


12.657 


12.777 


12.897 


13.018 


13.138 


1300 


13.138 


13.258 


13.378 


13.498 


13.618 


13.738 


13.858 


13.978 


14.098 


14.217 


14.337 


1400 


14.337 


14.457 


14.576 


14.696 


14.815 


14.935 


15.054 


15.173 


15.292 


15.411 


15.530 


1500 


15.530 


15.649 


15.768 


15.887 


16.006 


16.124 


16.243 


16.361 


16.479 


16.597 


16.716 


1600 


16.716 


16.834 


16.952 


17.069 


17.187 


17.305 


17.422 


17.539 


17.657 


17.774 


17.891 


1700 


17.891 


18.008 


18.124 


18.241 


18.358 


18.474 


18.590 











* Henry Shenker, John I. Lauritzen, Jr., and Robert J. Corruccini, Reference Tables for Thermo- 
couples, Natl. Bur. Standards (U.S.) Circ. 508 (May 7, 1951). 



Table 4a-9. Platinum vs. Platinum-13% Rhodium Thermocouples* 
[Emf, absolute millivolts; temp., °C (int. 1948); reference junctions at 0°C] 



°c 





10 


20 


30 


40 


50 


60 


70 


80 


90 


100 





0.000 


0.055 


0.112 


0.172 


0.234 


0.298 


0.363 


0.431 


0.500 


0.572 


0.645 


100 


0.645 


0.721 


0.798 


0.877 


0.957 


1.039 


1.121 


1.205 


1 .290 


1.377 


1.465 


200 


1.465 


1.553 


1.643 


1.734 


1 .826 


1.918 


2.012 


2.107 


2.202 


2.298 


2.395 


300 


2.395 


2.493 


2.591 


2.690 


2.790 


2.890 


2.991 


3.092 


3.194 


3.296 


3.399 


400 


3.399 


3.502 


3.607 


3.712 


3.817 


3.923 


4.029 


4.134 


4.241 


4.348 


4.455 


500 


4.455 


4.563 


4.672 


4.782 


4.893 


5.004 


5.115 


5.226 


5.338 


5.450 


5.563 


600 


5.563 


5.677 


5.792 


5.907 


6.022 


6.137 


6.252 


6.368 


6.485 


6.602 


6.720 


700 


6.720 


6.838 


6.957 


7.076 


7.195 


7.315 


7.436 


7.557 


7.679 


7.801 


7.924 


800 


7.924 


8.047 


8.170 


8.294 


8.419 


8.544 


8.669 


8.795 


8.921 


9.047 


9.175 


900 


9.175 


9.303 


9.431 


9.559 


9.687 


9.816 


9.946 


10.077 


10.208 


10.339 


10.471 


1000 


10.471 


10.603 


10.735 


10.869 


11.003 


11.138 


11.273 


11.408 


11.544 


11.681 


11.817 


1100 


11.817 


11.954 


12.090 


12.227 


12.365 


12.503 


12.641 


12.779 


12.917 


13.055 


13.193 


1200 


13.193 


13.332 


13.471 


13.610 


13.749 


13.888 


14.027 


14.165 


14.304 


14.443 


14.582 


1300 


14.582 


14.721 


14.860 


14.999 


15.138 


15.276 


15.415 


15.553 


15.692 


15.831 


15.969 


1400 


15.969 


16.108 


16.247 


16.386 


16.524 


16.663 


16.802 


16.940 


17.079 


17.217 


17.355 


1500 


17.355 


17.493 


17.631 


17.768 


17.906 


18.043 


18.179 


18.316 


18.453 


18.590 


18.727 


1600| 


18.727 


18.864 


19.001 


19.137 


19.273 


19.409 


19.545 


19.682 


19.818 


19.954 





* Henry Shenker, John L. Lauritzen, Jr., and Robert J. Corruccini, Reference Tables for Thermo- 
couples, Natl. Bur. Standards (U.S.) Circ. 508 (May 7, 1951). 
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Table 4a-10. Copper vs. Constan^an Thermocouples* 
[Emf, absolute millivolts ; temp. , °C, (int. 1948) ; reference junctions at 0°C] 



°c 





10 


20 


30 


40 


50 


60 


70 


80 


90 


100 


-100 


-8.349 


-3.624 


-3.887 


-4.138 


-4.377 


-4.603 


-4.817 


-5.018 


-5.205 


-5.379 




(-)O 


0.000 


-0.380 


-0.751 


-1.112 


-1.463 


-1.804 


-2.135 


-2.455 


-2.764 


-3.062 


-3.349 


(+)0 


0.000 


0.389 


0.787 


1.194 


1.610 


2.035 


2.467 


2.908 


3.357 


3.813 


4.277 


100 


4,277 


4.749 


5.227 


5.712 


6.204 


6.703 


7.208 


7.719 


8.236 


8.759 


9.288 


200 


9.288 


9.823 


10.363 


10,909 


11.459 


12.015 


12.575 


13.140 


13.710 


14.285 


14 864 


' ! « 300 


14,864 


15.447 


16.035 


16.626 


17.222 


17.821 


18.425 


19.032 


19.642 


20.257 


20.874 



* Henry Shenker, John L. Lauritzen, Jr., and Robert J. Corruccini, Reference Tables for Thermo- 
couples, Natl. Bur. Standards (U.S.) Circ. 60S (May 7, 1951). 



Table 4a-ll. Iron vs. Constantan Thermocouples* 
[Emf , absolute millivolts; temp., °0, (int. 1948); reference junctions at 0°C] 



°c 





10 


20 


30 


40 


50 


60 


70 


80 


90 


100 


-100 


- 4.63 


-5.05 


- 5.42 


- 5.80 


- 6.16 


- 6.50 


- 6.82 


- 7.12 


- 7.40 


- 7.:66 




(-)O 


0.00 


- 0.50 


- 1.00 


- 1.48 


- 1.96 


- 2.43 


- 2.89 


- 3.34 


- 3.78 


- 4.21 


- 4.63 


( + )0 


0.00 


0.50 


1.02 


1.54 


2.06 


2.58 


3.11 


3.65 


4.19 


,,, 4.73 


5.27 


100 


5.27 


5.81 


6.36 


6.90 


7.4S 


8.00 


8.56 


9.11 


9 .67 


10.22 


10.78 


200 


10.78 


11.34 


11.89 


12.45 


li3.0l 


13.56 


14.12 


14.67 


15,22 


15.77 


16.33 


300 


16.33 


16.88 


17.43 


17.98 


18.54 


19.09 


19.64 


20.20 


20.75 


21.30 


21.85 


400 


21.85 


22.40 


22.95 


23.50 


24.06 


24.61 


25.16 


25,72 


26.27 


26.83 


27.39 


500 


27.39 


27.95 


28.52 


29.08 


29.65 


30.22 


30.80 


31.37 


31.95 


32.53 


33.11 


600 


33.11 


33.70 


34.29 


34.88 


35.48 


36.08 


36.69 


37.30 


37.91 


38.53 


39.15 


700 


39.15 


39.78 


40.41 


41.05 


41.68 


42.32 


42.96 


43.60 


44.25 


44.89 


45.53 


800 


45.53 


46.18 


46.82 


47.46 


48:09 


48.73 


49.36 


49.98 









* Robert J. , Corruccini and Henry Shenker, Modified 1913 Reference Tables for Iron-Constantan 
Thermocouptes, J. Research Natl. Bur. Standards 50, 229 (1953), RP2415. 
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Table 4a-12. Chromel vs. Alumel Thermocouples* 
[Emf, absolute millivolts; temp., °G, (int. 1948) ; reference junction at 0°C] 



°c 





10 


20 


30 


40 


50 


60 


70 


80 


90 


100 


-100 


r- 3.49 


- 3.78 


— 4.06 


- 4.32 


- 4.58 


-4.81 


- 5.03 


- 5.24 


— 5.43 


- 5.60 




(-)o 


-0.00 


- 0.39 


- 0.77 


-1.14 


- 1.50 


- 1.86 


- 2.20 


- 2.54 


- 2.87 


-3.19 


- 3.49 


(+)0 


0.00 


0.40 


0.80 


.1.20 


1.61 


2.02 


2.43 


2,85 


3.26 


3.68 


4.10 


100 


4.10 


4.51 


4.92 


5.33 


5.73 


6.13 


6.53 


6.93 


7.33 


7.73 


8.13 


200 


8.13 


8.54 


8.94 


9.34 


9.75 


10.16 


10.57 


10.98 


11.39 


11.80 


12.21 


300 


12.21 


12.63 


13.04 


13.46 


13.88 


14.29 


14.71 


15.13 


15.55 


15.98 


16.40 


400 


16.40 


16.82 


17.24 


17.67 


18.09 


18.51 


18.94 


19.36 


19.79 


20.22 


20.65 


500 


20.65 


21.07 


21.50 


21.92 


22.35 


22.78 


23.20 


23.63 


24.06 


24.49 


24.91 


600 


24.91 


25.34 


25.76 


26.19 


26.61 


27. Q3 


27.45 


27.87 


28.29 


28.72 


29.14 


700 


29.14 


29.56 


29.97 


30.39 


30.81 


31.23 


31.65 


32.06 


32.48 


32.89 


33.30 


800 


33.30 


33.71 


34.12 


34.53 


34.93 


35.34 


35.75 


36.15 


36.55 


36.96 


37.36 


900 


37.36 


37.76 


38.16 


38.56 


38.95 


39.35 


39.75 


40.14 


40.53 


40.92 


41.31 


1000 


41.31 


41 .70 


42.09 


42.48 


42.87 


43.25 


43.63 


44.02 


44.40 


44.78 


45.16 


1100 


45.16 


45,54 


45.92 


46.29 


46.67 


47.04 


47.41 


47.78 


48.15 


48.52 


48.89 


1200 


48.89 


49.25 


49.62 


49.98 


50.34 


50.69 


51.05 


51.41 


51.76 


52.11 


52.46 


1300 


52.46 


52.81 


53.16 


53.51 


53.85 


54.20 


54.54 


54.88 









* Henry Shenker, John L. Lauritzen, Jr., and Robert J. Corruccini, Reference Tables for Thermo- 
couples, Natl. Bur. Standards (U.S.) Circ. 508 (May 7, 1951). 



Table 4a-13. Chromel vs. Constantan Thermocouples* 
[Emf, absolute millivolts; temp., °G (int. 1948); reference junctions at 0°C] 



°c 





10 


20 


30 


40 


50 


60 


70 


80 


90 


100 


-100 


-5.18 


-5.62 


-6.04 


-6.44 


-6.83 


-7.20 


-7.55 


-7.87 


-8.17 


-8.45 


-8.71 


(-)O 


0.00 


-0.58 


-1.14 


-1.70 


-2.24 


-2.77 


-3.28 


-3.78 


-4.26 


-4.73 


-5.18 


(+)0 


0.00 


0.59 


1.19 


1.80 


2.41 


3.04 


3.68 


4.33 


4.99 


5.65 


6.32 


100 


6.32 


7.00 


7.69 


8.38 


9.08 


9.79 


10.51 


11.23 


11.95 


12.68 


13.42 


200 


13.42 


14.17 


14.92 


15.67 


16.42 


17.18 


17.95 


18.72 


19.49 


20.26 


21.04 


300 


21.04 


21.82 


22.60 


22.39 


24.18 


24.97 


25.76 


26.56 


27.35 


28.15 


28.95 


400 


28.95 


29.75 


30.55 


31.36 


32.16 


32.96 


33.77 


34.58 


35.39 


36.20 


37.01 


500 


37.01 


37.82 


38.62 


39.43 


40.24 


41.05 


41.86 


42.67 


43.48 


44.29 


45.10 


600 


45.10 


45.91 


46.72 


47.53 


48.33 


49.13 


49.93 


50.73 


51.54 


52.34 


53.14 


700 


53.14 


53.94 


54.74 


55.53 


56.33 


57.12 


57.92 


58.71 


59.50 


60.29 


61.08 


800 


61.08 


61.86 


62.65 


63.43 


64.21 


64.99 


65.77 


66.54 


67.31 


68.08 


68.85 


900 


68.85 


69.62 


70.39 


71.15 


71.92 


72.68 


73.44 


74.20 


74.95 


75.70 


76.45 



* Henry Shenker, John L. Lauritzen, Jr., and Robert J. Corruccini, Reference Tables for Thermo- 
couples, Natl. Bur. Standards (U.S.) Circ. 508, (May 7, 1951). 
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Table 4a-14. Electrical Resistivity of Some Elements and Alloys as a 

Function of Temperature* 
[At 0°C both the relative (R t /Ro) and actual resistivity (microhm-cm) are given] 



Temp., 


Platinum 


Copper 


Nickel 


Iron 


Silver 


90 Pt- 
, 10 Rh 

(Rt/Ro) 


87 Pt- 
13 Rh 

(Rt/Ro) 


°C 


(Rt/Ro) 


(Rt/Ro) 


(Rt/Ro) 


(Rt/R«) 


; $ftt/Ro) \ 


-200 


0.177 


0.117 






0.176 






-100 


0.599 


0.557 






0.596 









1.000 


1.000 


1.000 


1.000 


1.000 


1.000 


1.000 




(9.83) 


(1.56) 


(6.38) 


(8.57) 


-■(1:60) 


(18.4) 


(19.0) 


+ 100 


1.392 


1.431 


1.663 


1.650 


1.408 


1.166 


1.156 


200 


1.773 


1,862 


2.501 


2.464 


-lv827 


1.330 


1.308 


300 


2.142 


2.299 


3.611 


3.485 


2.256 


1.490 


1.456 


400 


2/499 


2.747 


4.847 


4.716 


2.698 


1.646 


1.601 


500 


2.844 


3.210 


5.398 


6.162 


3.150 


1.798 


1.744 


600 


3.178 


3.695 


5.882 


7.839 


3.616 


1.947 


1.885 


700 


3.500 


4.208 


6.327 


9.790 


4.094 


2.093 


2.023 


800 


3.810 


4.752 


6.751 


12.009 


4.586 


2.234 


2.157 


900 


4.109 


5.334 


7.156 


12.790 


5.091 


2.370 


2.287 


1000 


4.396 


5.960 


7.542 


13.070 




2 503 


2.414 


1100 


4.671 




-. . . . ■.(," 






2.633 


2.538 


1200 


4.935 










2.761 


2.660 


1300 


5.187 










2.887 


2.780 


1400 


5.427 










3.011 


2.898 


1500 


5 655 


:.... 








3.133 


3.014 


Temp., 

°c 


80 Ni-20 
Cr 

(Rt/Ro) 


60 Ni-24 

Fe-16 Cr 

(R t /Ro) 
i 


50 Fe-30 
Ni-20 Cr 

(Rt/Ro) 


Chromel 

P (90 Ni- 

10 Cr 

(Rt/Ro) > 


Alumel 95 

Ni-bal. 

AlSi 

and Mn 

(Rt/Ro) 


Constan- 
tan (55 

Cu-45 Ni) 
(Rt/Ro) 


Manga- 

nin 
(Rt/Ro) 





1.000 


1.000 


1.000 


1.000 


1.000 


1.000 


1.000 




(107.6) 


(111.6) 


(99.0) 


(70.0) 


(28.1) 


(48.9) 


(48.2) 


100 


1.021 


1.025 


1.037 


1.041 


1.239 


0.999 


1.002 


200 


1.041 


1.048 


1.073 


1.086 


1.428 


0.996 


0.996 


300 


1.056 


1.071. 


1.107 


1.134 


1.537 


0.994 


0.991 


400 


1.068 


1.092 


1.137 


1.187 


1.637 


0.994 


0.983 


500 


1.073 


1 . 108 


1.163 


1.222 


1.726 


1.007 




600 


1.071 


1.115 


1 . 185 


1.248 


1.814 


1.024 




700 


1.067 


1.119 


- 1.204 


1.275 


1.899 


1.040 




800 


1.066 


1.127 


1.221 


1 304 


1.982 


1.056 




^900 


1.071 


1. 138 


1.337 


1.334 


2.066 


1.074 




1000 


1.077 


1.149 


1.251 


1.365 


2.150 


1.092 




1100 


1.083, 






1.397 


2.234 


1.110 




1200 








1.430 


2.318 







* The values below 0°C, in most cases, were not determined on the same samples as the values above 0°C. 
American Institute of Physics, "Temperature, Its Measurement and Control in Science and 
Industry," p. 1312, Reinhold Publishing Corporation, New York; 1941. 
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Table 4b- 1 summarizes the principal properties of 10 paramagnetic salts. De- 
tailed data are given in the rest of the section. 

Table 4b-l. Properties of Paramagnetic Salts 



Paramagnetic salt 



Gram- 
ionic 
weight, 



Density, 



Curie 
const. 

c(— ^ U 

Vgram 



ion/ 



Specific 
heat const. 
A 



R 



(deg*) 



Splitting 
t factor 



1. Cerium magnesium nitrate 
2Ge(N03)3-3Mg(N0 3 )r24HjO 

2. Chromium potassium alum 
Cr 2 (S04) 3 K 2 S04-24H20 

3. Chromium methylammonium alum 
Cr?(S04)3(CH3NH3)»S04-24H 8 0. . . 

4. Copper potassium sulfate CuS04* 
K 2 SQ4-6H 2 0.. 

5. Iron ammonium alum Fe 2 (S04)s* 
(NH4) 2 S04-24HjO. 

6. Gadolinium sulfate 
Gd2(S04) 3 -8H 2 0... 

7. Manganese ammonium sulfate 
MnS04(NH4) 2 S04-6H 8 0.... . . . . . 

8. Tifbanium cesium alum Ti 2 (S04)3* 
Cs«Sq4-24H 2 0...., 

9. Cobalt ammonium sulfate CoS04* 
xWrl4) 2 S04-6li 2 6.: ....... 



10. Copper sulfate pentahydrate 
CuS04-5H 2 



765 

499 

492 

442 

482 

373 

391 

589 
395 

250 



1.83 

1.645 

2.22 

1.71 

3.010 

1.83 

- 2 
1.902 

2.284 



0.318 

1.88 

1 . 88 

(0 . 445) 

4.38 

7.88 

4.38 

(0.118) 
3.00 
0.873 
1.77 
.457 



7.5 X 10-« 

0.017 

0.019 

6.0 X 10-« 

0.0143 

0.32 

0.033 

3.9 X 10-5 
4.30 X 10"» 



/0.457 ^ 

\A » —0.65/ 



0.25 
0.27 

0.23 
1.35 
0.24 



Note: Average values for C,, measured for anisotropic salts in powder form, are quoted in parentheses* 

1. Cerium Magnesium Nitrate. 2Ce(N03)3-3Mg(N0 3 )2-24H 2 0; gram-ionic weijght, 
765; Ce 3+ ; 4/ 1 ; 2 F S . 

The next lowest level to the ground state, 2 Fj, lies about 2,500 cm -1 above the 
2 Fj ground level. The latter is assumed by Cooke, Duffus, and Wolf 1 to be split 
into doublets characterized to a first approximation by Jz = +^-, ±4, ±§. 

Cooke et al. find A/C = 1,970, gj_ « 1.84, g\\ = 0.25 ± 0.05. Taking C = 0.318 
emu per g ion, A/R = 7.5 X 10~ 6 deg 2 . (Owing to the smallness of the magnetic 

1 A. H. Cooke, H. J. Duffus, and W. P. Wolf, Phil. Mag. 44, (7), 623 (1953). 
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specific heat, the contribution to the specific heat from the lattice is not negligible 
at I °K and may be estimated to become comparable with the magnetic specific heat 
at about 0.5°K.) 

Daniels and Robinson 1 find A/R - 6.4 X 10~ 6 , and that T 7 * = T down to 0.006°K. 
Their data are given in Table 4b-2. 

Table 4b-2. Temperatube Data on Cerium Magnesium Nitrate 
(Daniels and Robinson) 



S/R 


T 
10~ 3 °K 


T* 
10-3 ° 


S/R 


T 
10" 3 °K 


ijr* 
10- 3 ° 


S/R 


T 
10" 3 °K 


T* 
IO-30 


0.100 


3.08 


3.20 


0.450 


3.12 


3.66 


0.560 


4.50 


4.90 


0.300 


3.08 


3.20 


0.475 


3.23 


3.88 


0.570 


4.79 


5.09 


0.350 


3.08 


3.28 


0.500 


3.43 


4.09 


0.580 


5.12 


5.32 


0.400 


3.08 


3.38 


0.525 


3.76 


4.35 


0.590 


5.46 


5.56 


0.425 


3.08 


3.49 


0.550 


4.25 


4.72 


0.600 


5.86 


5.86 



Cr 2 (S04)3-K 2 S04-24H20; gram- ionic weight, 499; 



2. Chromium Potassium Alum, 
density, 1.83; Cr 3 +; 3d 3 ; *F h 

An orbital singlet is lowest — some 10 4 cm" 1 below the first triplet. This spin quad- 
ruplet remains degenerate in a cubic field but splits into two Kramers doublets in any 
field of lower symmetry, g = 2. Paramagnetic-resonance experiments by Bleaney 2 
indicate two distinct values of the splitting 5 below 160°K, and the situation is very 
confused. (Adiabatic-demagnetization experiments lead to a rms value of 5.) 

De Klerk 3 finds A/R = 0.0192 deg 2 , and b/k = 0.27 deg for a powder specimen. 
His data are given in Table 4b-3. 

Table 4b-3. Temperature Data on Chromium Potassium Alum (de Klerk) 



H it gauss 


T it °K 


In 4 - S/R 


T f * 


T h °K 


628 


1.174 


0.0102 


0.946 


0.944 


823 


1.184 


0.0124 


0.877 


0.875 


1,022 


1.177 


0.0154 


0.784 


0.782 


1,209 


1.174 


0.0189 


0.701 


0.699 


1,645 


1 . 158 


0.0296 


570 


0.566 


1,905 


1.157 


0.0369 


0.508 


0.502 


2,183 


1.155 


0.0461 


0.453 


0.448 


2,762 


1.152 


0.0687 


0.365 


0.359 


3,572 


1.149 


0.1085 


0.288 


0.280 


4,152 


1.153 


0.1380 


0.251 


0.242 


5,805 


1.148 


0.2480 


0.178 


0.166 


8,120 


1 . 142 


0.4180 


0.124 


0.108 


10,310 


1.143 


0.5710 


0.095 


0.077 



For two single crystals, b/k = 0.263 deg and 0.251 deg respectively. 4 

In Table V-IV of the reference, de Klerk lists corresponding values of T*, In 4 — S/ 
R, and T ranging between the values 0.064 and 0.033 deg, 0.801 and 0.987 deg, and 

1 J. M. Daniels and F. N. H. Robinson, Phil. Mag. 44, (7), 630 (1953). 

2 B. Bleaney, Proc. Roy. Soc. (London), ser. A, 204, 203 (1950). 

3 D. de Klerk, Thesis, p. 52, Leiden, 1948. 
^ Ibid., pp. 54, 89. 
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0.035 and 0.0030 deg, respectively. This table is not internally consistent, however, 
and one cannot say which part of the data listed is in error. Assuming the T values 
to be correct and the error to lie elsewhere, there is marked disagreement between these 
results and those of Daniels and Kurti 1 given in Table 4b-4, for a compressed-powder 
specimen. The latter authors find absolute temperatures greater than de Klerk's 
values by a factor of 3 at the lowest entropies. 

Table 4b-4. Temperature Data on Chromium Potassium Alum (Daniels 

and Kurti) 



In 4 - S/R 


T, °K 


In 4 -S/R 


T, °K 


0.487 


0.0728 


0.906 


0.01U 


0.550 


0.0515 


1.096 


O.OII5 


630 


0.0354 


1.136 


O.OlOr 


731 


0.0232 


1.178 


0.009 


0.848 


0.0127 


1.236 


0.007 



(f),=°- 40 



16 X 10 3 



The most reliable measurements above 0.1 °K are those of Bleaney 2 given in Table 
4b-5. 



Table 4b-5. Temperature Data on Chromium Potassium Alum (Bleaney) 



T, °K 


T* 


T, °K 


y* 


T, °K 


T*\ 


1.000" 


1.000 


0.280 


0.291 


0.120 


6.1^8 


0.600 


0.604 


0.240 


0.252 


0.100 


0.121 


0.480 


0.485 


0.200 


0.215 


0.080 


0.103 


0.400 


0.406 


0.180 


0.195 


0.060 


0.086 


0.360 


0.368 


0.160 


0.174 


0.050 


0.079 


0.320 


0.330 


0.140 


0.156 


0.045 


0.075 



3. Chromium Methylammonium Alum. Cr^SO^tC^-NHa^SO^E^O; gram- 
ionic weight, 492; density, 1.645 (see chromium potassium alum). 

Discussion is the same as for the potassium alum except that paramagnetic-reso- 
nance experiments 3 indicate a unique value for the splitting 5. The following values of 
8/k from demagnetization experiments have been reported: de Klerk and Hudson 4 
(powder specimen), 0.275 deg; Gardner and Kurti 5 (compressed powder), 0.27; 
Hudson and McLane 6 (single crystal), 0.269 ± 0.003. The paramagnetic-resonance 
value is smaller than these values, and the discrepancy is probably due to some aniso- 
tropic exchange interaction. 

The absolute temperature measurements of Gardner and Kurti are summarized in 
Table 4b-6. 

1 J. M. Daniels and N. Kurti, Proc. Roy. Soc. (London), ser. A, 221, 243 (1954). 

2 B. Bleaney, Proc. Roy. Soc. London, ser. A., 204, 216 (1950). 

3 B. Bleaney, Proc. Roy. Soc. {London), ser. A., 204, 203 (1950). 
4D.de Klerk and R. P. Hudson, Phys. Rev. 91, 278 (1953). 

* W. E. Gardner and N. Kurti, Proc. Roy. Soc. (London), A, 223, 542 (1954). 
« R. P. Hudson and C. K. McLane, Phys. Rev., 95, 932, (1954). 
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Table 4b-6. Temperature Data on Chromium Methylammonium Alum 
(Gardner and Kurti) 



S/R 


T* 


T, °K 


S/R 


jf* 


T, °K 


S/R 


T* 


T,°K 


1.325 


0.404 


0.396 


1.000 


0.143 


0.122 


0.650 


0.071 


0.032 


1.300 


0.336 


0.326 


0.950 


0.132 


109 


0.600 


0.061 


0.028 


1.250 


0.266 


0.254 


0.900 


0.121 


0.096 


0.550 


0.053 


0.023 


1.200 


0.224 


0.210 


0.850 


0.111 


0.077 


0.500 


0.051 


0.020 


1.150 


0.196 


0.180 


0.800 


0.102 


0.065 


0.450 


0.051 


0.018 


1.100 


0.175 


0.157 


0.750 


0.092 


0.048 


0.400 


0.052 


0.016 


1.050 


0.157 


0.137 


0.700 


0.083 


0.039 


0.350 


0.053 


0.013 



The results of Hudson and McLane are summarized in Table 4b-7. 

Table 4b-7. Temperature Data on Chromium Methylammonium Alum 
(Hudson and McLane) 



H/T, 
gauss/deg 


In 4 - S/R 


rp* 


T, °K 


H/T, 

gauss/deg 


In 4 - S/R 


T* 


T, °K 


1,000 


0.0180 


0.724 


0.719 


4,000 


0.1668 


0.232 


0.216 


1,250 


0.0242 


0.624 


0.618 


4,500 


0.2034 


0.208 


0.191 


1,500 


0.0317 


0.544 


0.538 


5,000 


0.2422 


0.189 


0.170 


1,750 


0.0404 


0.482 


0.474 


6,000 


0.3234 


0.160 


0.138 


2,000 


0.0505 


0.431 


0.422 


7,000 


0.4064 


0.138 


0.114 


2,500 


0.0739 


0.355 


0.344 


8,000 


0.4885 


0.120 


0.0938 


3,000 


0.1013 


0.302 


0.289 


9,000 


0.5677 


0.105 


0.0763 


3,500 


0.1325 


0.262 


0.248 











Ti assumed Ti to be ~1.15°K 



\R/T 



0.53 



H 
T 



13.4 X 103 



^ 0.02°K 



4. Copper Potassium Sulfate. CuSOrl^SO^HsO; gram-ionic weight, 442; den- 
sity = 2.22; For spectroscopic data, see copper sulfate. 

Bleaney, Bowers, and Ingram 1 find that g\\ = 2.45, g± = 2.14. Benzie and Cooke 2 
obtain A/R = 6.0 X 10" 4 deg 2 , in agreement with that found by Garrett 3 from 
demagnetization experiments, and a Curie- Weiss A of 0.034 deg. De Klerk 4 has 
published demagnetization data for a powder specimen taking a g value of 2; he also 
gives some corresponding values of T and T*, T being measured via a potassium 
chromic alum thermometer. The Curie- Weiss A was found to be 0.052 deg and 
A/R = 6.8 X 10 -4 deg 2 ; the contribution from magnetic interaction was calculated 
to be 1.35 X 10~ 4 . 

Further demagnetization experiments by Steenland and others, 5 in which g was 
taken to be 2.18, report approximate absolute-temperature measurements in the range 
0.0046 to 0.025°K [(S/R) T c =0.46, H/T = 11.5 X 10*, T c = 0.05°K]. The lowest 
values have been criticized by Daniels as being incompatible with the entropy and 
hyperfine structure. 

^.l^:^ Ble x aney ' K ' D * Bowers ' and D - J - E - Ingram, Proc. Phys. Soc. (London,), ser. A, 64, 

758 (1951). , 

2 R. J. Benzie and A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 63, 201, 213 (1950). . 

3 C. G» B. Garrett, Proc. Roy. Soc. (London), ser. A, 203, 375 (1950). '""■■■■ 

4 D. de Klerk, P%«ica 12, 513 (1946). 

5 M. J. Steenland, D. de Klerk, J. A. Beun, and C. J. Gorter, Physica 17, 161 (1951). 
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The contribution of nuclear hyperfine structure to A/R has been found to be 
1.3 X 10~ 4 from demagnetization determinations, 1 1.1 X 10~ 4 from relaxation experi- 
ments, 2 and 1.40 X 10 -4 from the resonance spectrum. 3 

Reekie 4 obtained a Curie constant of 0.445 emu/g ion for a powdered sample. 

5. Iron Ammonium Alum. Fe2(S04)8-(NH 4 )2S04-24H 2 0; gram-ionic weight, 482.2; 
density, 1.71; Fe 3+ 3d 5 ; 6 % 

The free ion is in an S state and interaction with the crystalline electric field is abnor- 
mally small. The 6-fold degenerate level is split by a cubic field into a doublet 
and quadruplet. The measurements of Benzie and Cooke, 5 however, are more con- 
sistent with a splitting into three equally spaced doublets (and this has been confirmed 
by Meier 6 ) ; their value for the over-all splitting is 8/k = 0.23 deg (for the doublet- 
quadruplet pattern they calculate 8 /k = 0.20 deg). A/R = 0.0143 deg 2 . The g 
values are all 2 within less than 1 per cent. 7 Cooke 8 reports low-temperature T* - T 
correlation, made by Kurti and Simon, given in graphical presentation; T c = 0.042°K. 

The same data, for the region below 0.2°K, are summarized in Table 4b-8. 



Table 4b-8. Temperature Data on Iron Ammonium Alum 
(Kurti and Simon) 



T, °K 


rn* 


T, °K 


rp* 


T, °K 


yr* 


0.015 


0.0720 


0.043 


0.0850 


0.090 


0.1390 


0.020 


0.0702 


0.045 


0.0910 


0.100 


0.149 


0.025 


0.0683 


0.050 


0.0970 


0.120 


0.168 


0.030 


0.0670 


0.055 


0.1008 


0.140 


0.183 


0.035 


0.0666 


0.060 


0.1050 


0.160 


0.198 


0.040 


0.0666 


0.070 


0.1150 


0.180 


0.214 


0.042 


0.0668 


0.080 


0.1273 


0.200 


0.229 



Steenland 9 and others obtain T c = 0.030°K, (S/R) Te = 0.65, H/T = 11.5 X 10 3 . 
De Klerk 10 finds A/R = 0.0128 deg, 2 8/k = 0.183 deg, and the data in Table 4b-9. 

Table 4b-9. Temperature Data on Iron Ammonium Alum (de Klerk) 



H , gauss 



615 

825 

1,055 

1,260 

2,180 



T if °K 



1.164 
1.164 
1.172 
1.173 
1.162 



T f , °K 



0.76 
0.62 
0.51 
0.44 
0.269 



In 6 - S/R 



0.0071 
0.0127 
0.0203 
0.0288 
0.0844 



1 C. G. B. Garrett, Proc. Roy. Soc. (London), ser. A., 203, 375 (1950). 

2 R. J. Benzie and A. H. Cooke, Nature 164, 837 (1949). 

3 A. Abragam and M. H. L. Pryce, Proc. Roy. Soc. (London), ser. A, 206, 164 (1951). 

4 J. Reekie, Proc. Roy. Soc. (London), ser. A, 173, 367 (1939). 

5 R. J. Benzie and A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 63, 213 (1950). 
e P. H. E. Meier, Physica 17, 899 (1951). 

7 J. Ubbink, J. A. Poulis, and C. J. Gorter, Physica 17, 213 (1951) ; C. A. Whitmer and 
R. T. Weidner, Phys. Rev. 84, 159 (1951). 

s A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 62, 269 (1949). 

9 M. J. Steenland, D. de Klerk, M. L. Potters, and C. J. Gorter, Physical!, 149 (1951). 

io D, de Klerk, Thesis, p. 50, Leiden, 1948. 
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6. Gadolinium Sulfate. Gd2(S0 4 )3-8H 2 0; gram-ionic weight, 373; density, 3.010; 
Gd 3+ ; 4/ 7 ; 8 /S|. 

Bleaney and others 1 report paramagnetic resonance experiments on gadolinium 
ethylsulfate and note that the spectrum is of the same nature in gadolinium sulfate. 
For the former, g is isotropic and equal to 1.993. 

A/R has been found from paramagnetic-relaxation measurements e.g., 0.28 (de Haas 
and du Pre 2 ), 0.33 (Bijl 3 ) and 0.32 (Benzie and Cooke 4 ). (By direct calorimetry in 
the liquid-helium range van Dijk and Auer 5 obtained 0.32.) 

Hebb and PurcelFs analysis 6 shows that the 8-fold ground level is split by a cubic 
field into two doublets and a quadruplet, van Dijk 7 - 8 finds that b/k = 1.35 deg gives 
the best agreement with the published data. 

Giauque and MacDougall 9 used this substance for their first demagnetizations in 
1933, reaching a lowest T* of 0.24 deg. Van Dijk 7 measured absolute temperatures 
calorimetrically down to T* = 0.27 deg (T = 0.22°K). 

7. Manganese Ammonium Sulfate. MnSO^NH^SCVO^O; gram-ionic weight, 
391; density, 1.83; Mn ++ ; 3d 5 ; 6 % 

This is a Tutton salt similar to cobalt ammonium and copper potassium sulfates. 
The free ion is in an S state and the interaction with the crystalline electric field is 
very small. Resonance experiments 10 show that g = 2.000 and is isotropic to ~1 
inlO 4 . 

Relaxation measurements show that A/R = 0.033 (Benzie and Cooke 11 ) and 0.034 
(Bijl 3 ). 

Demagnetization experiments by Cooke and Hull 12 give A /R = 0.033, T c = 0.14°K, 
(S/R) Te = 1.27, H/T = 6.2 X 10 3 gauss/deg. Steenland and others 13 made absolute- 
temperature measurements in the region of and below T c , the latter being found to be 
0.10°K. 

A surprisingly large hyperfine structure is observed 10 and has been explained by 
Abragam and Pryce. 14 Contributions to A/R are: Stark splitting + hyperfine struc- 
ture 0.0154, dipole interaction 0.0092. This leaves 0.009, which must be ascribed to 
exchange. 

8. Titanium Cesium Alum. Ti*(S0 4 )3-Cs2S04-24H 2 0; gram-ionic weight, 589; 

The orbital triplet (with 2-fold spin degeneracy) is split into three Kramers doublets 
by the action of the trigonal component of the crystal field and spin-orbit coupling. 
The separations are only a few hundred cm -1 . At low temperatures, only one doublet 
is populated, with effective S = -|. Owing to the nearness of two higher states, the 
g value departs markedly from 2 and is anisotropic. 

Bogle and Cooke (unpublished) found g\\ = 1.25, g± = 1.14. Benzie and Cooke 15 
find (for a powder): Curie constant, C = 0.118 emu per g ion, g = 1.12 (and estimate 

1 B. Bleaney, R. J. Elliott, H. E. D. Scovil, and R. S. Trenam, Phil. Mag. 42, 1062 (1951). 

2 W. J. de Haas and F. K. du Pre, Physica 6, 705 (1939). 

3 D. Bijl, Physica 16, 269 (1950). 

4 R. J. Benzie and A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 63, 201, 213 (1950). 

5 H. van Dijk and W. V. Auer, Physica 9, 785 (1942). 

« M. H. Hebb and E. M. Purcell, J. Chem. Phys. 5, 338 (1937). 

7 H. van Dijk, Physica 9, 729 (1942). 

8 H. van Dijk, Physica 12, 371 (1946). 

9 W. F. Giauque and D. P. MacDougall, Phys. Rev. 43, 768 (1933). 

10 B. Bleaney and D. J. E. Ingram, Proc. Roy. Soc. (London), ser. A, 205, 336 (1951). 

11 R. J. Benzie and A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 201, 213 (1950). 

12 A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 62, 269 (1949). 

13 M. J. Steenland, L. C. van der Marel, D. de Klerk, and C. J. Gorter, Physica 15, 906 
(1949). 

14 A. Abragam and M. H. L. Pryce, Proc, Roy. Soc. (London), ser. A, 205, 135 (1951). 

15 R. J. Benzie and A. H. Cooke, Proc. Roy. Soc. (London), ser. A, 209, 269 (1951). 
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0|j <=* 1.40, g±_ = 0.96), A/C = 2.7 X 10 4 ( ± 10 per cent), and hewseA/R = 3.9 X 10" 6 . 
Dilution experiments showed that nuclear hyper fine structure in the odd isotopes 
contributes 0.4 X 10~ 5 to A/R, and dipole interaction accounts for 0.3 X 10~ 6 . The 
balance (3.2 X 10~ 5 ) must be due to exchange. 

Adiabatic-demagnetization experiments 1 showed (S/R)t c = 0.22 for H/f =*' 2.6 X 
10 3 gauss /deg. 

9. Cobalt Ammonium Sulfate. CoS0 4 - (NH 4 ) 2 S0 4 -6H 2 ; gram-ionic weight, 395.2 ; 
density, 1.902; Co ++ ; 3d 7 ; 4 F§. 

In a cubic field the 7-fold orbital state is split into two triplets and a singlet, with 
one triplet the lowest. This triplet, with its 4-fold spin degeneracy, is then split into 
a number of doublets by the combined effect of the spin-orbit coupling and a tetragonal 
or trigonal field. For the lowest doublet (effective S = £) g\\.=* 6.45, gj_ = 3.05. 2 

There are two ions in unit cell, their tetragonal axes lying in the KiKz plane and 
inclined at 33° to the K\ axis, on opposite sides of it. Because of the anisotropy, C 
varies markedly for the 2£i, K 2 , and K z axes: Ci = 3.00, C 2 == 0.873, and C z *= 1.77 
emu per g ion. 

Garrett, 3 taking g\\=* 6.2, g± = 3.0, obtained S - T*- — T data for the Ki, K 2 , 
and K z axes. A/R = 4.30 X 10~~ 3 deg 2 . The critical temperature is found to be 
0.084°K. 

Malaker 4 found 1.61 X 10 -3 for the nuclear contribution to A/R } which is in good 
agreement with the resonance-experiments value 5 of 1.66 X 10 -3 . The dipolar con- 
tribution is 1.9 X 10" 3 . 

10* Copper Sulfate. CuS0 4 -5H 2 0; gram-ionic weight, 249.7; density, 2.279; Cu ++ ; 
3d»;:»Dtv. 

In a cubic field the orbital levels split into an upper triplet and a lower doublet. In 
a tetragonal or rhombic field the doublet is further split into two singlets. The latter 
are still spin-degenerate and, at low temperatures, effectively $ = |v In this salt 
there is a considerable exchange interaction. The specific heat is rather complicated 
with a pronounced minimum at 1.37°K, a small anomaly at 0.75°K, and a further 
peak below 0.25°K 6 . 

There are two ions in unit cell, the angle between their tetragonal axes being 
approximately 80 deg. Benzie and Cooke 7 measured the susceptibility along the 
magnetic axis x* and perpendicular to it x« and found 

0.407 .V""' , 

Xa T + 0.6 K , X1 - 

0.480 (-^ M + x iA 

:■ Xe T -f-0.6 V 2 / 

i N. Kurti, P. Laine, and F. Simon, Compt. rend. 204, 675 (1937). 

2 B. Bleaney and D. H. E. Ingram, Proc. Roy. Soc. (London), ser. A, 208, 143 (1951). 

3 C. G. B. Garrett, Proc. Roy. Soc. (London), ser. A* 206, 242 (1951). 
<S. F. Malaker, Phys. Rev. 84, 133 (1951). 

5 A. H. Cooke, H. J. Duffus, and W. P. Wolf, Phil. Mag. 44 r (7), 623 (1953). 

« T. H. Geballe and W. F. Giauque, /. Amer. Chem. Soc. 74; 3513 (1952). 

? R. J. Benzie and A. H. Cooke, Proc. Phys. Soc. (London), ser. A, 64, 124 (1951). 



4c. Critical Constants 
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Table 4c-l, which is presented in this section, was compiled from the review article 
by K. A. Kobe and R. E. Lynn, Jr., 1 where references may be found. Kelvin temper- 
atures can be calculated from the relation 

T°K '** t°C +273.16 

Table 4c-1. Critical Temperature, Pressure, and Density of Elements 

and Compounds 



Inorganic : 

Ammonia 

Argon 

Boron tribromide. . 

Boron trichloride 

Boron trifluoride. 

Bromine . . 

Carbon dioxide 

Carbon disulfide 

Carbon monoxide 

Carbonyl sulfide. 

Chlorine '. 

Chlorotrifluorosilane 

Cyanogen 

Deuterium (equilibrium) . 

Deuterium (normal) 

Dichlorodifluorosilane .... 
Germanium tetrachloride . 

Helium 3 . 

Helium 4 

Hydrazone 

Hydrogen (equilibrium) . . 

Hydrogen (normal) 

Hydrogen bromide 

Hydrogen chloride, 

Hydrogen cyanide 



See page 4-23 for footnotes. 

1 Chem. Rev. 52 ; 117-236 (1953). 



t C] 



132.35 
-122.44 

300 

178.8 

-12.3 

311 
31.04 

279 
-140.2 

105 

144.0 
34.48 

127 
-234.90 
-234.81 
95.77 

276.9 
-269.82 
-267.95 

380 
-240.22 
-239.92 
89 . 80 
51.4 

183.5 



P cy atm 



111.3 
48.00 

38.2 
49.2 
102 
72.85 
78 

34.5 
61 

76.1 
34.20 
59 

16.28 
16.43 
35.54 
38 
1.15 
2.26 
145 
12.77 
12.80 
84.00 
81.5 
53.2 



Pc, 



g/cm 3 



0.235 

0.5308 

0.90 



1,18 
0.468 
0.441 
0.3010 

0.573 



0.0668 



.0693 

0.0308 
0.03102 

0.423 
0.195 
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Table 4c-1. Critical Temperature, Pressure, and Density of Elements 
and Compounds (Continued) 



Hydrogen deuteride 

Hydrogen fluoride 

Hydrogen iodide 

Hydrogen selenide 

Hydrogen sulfide 

Iodine 

Krypton . . 

Neon 

Nitric acid 

Nitrogen 

Nitrogen peroxide 

Nitrous oxide 

Oxygen 

Oxygen fluoride* 

Ozone f 

Phosgene 

Phosphine 

Phosphonium chloride . . 

Silane 

Silicon tetrachloride 
Silicon tetrafluoride 

Stannic chloride 

Sulfur 

Sulfur dioxide 

Sulfur hexafluoride 

Sulfur trioxide. ....... 

Trichlorofluorosilane . . . 
Uranium hexafluoride. . 

Water 

Xenon 

Organic : 

Acetic acid 

Acetic anhydride 

Acetone .' 

Acetylene 

Benzene 

Bromobenzene 

n-Butane 

1-Butene. 

Carbon tetrachloride . . . 

Chlorobenzene 

Chlorodinuoromethane . 

Chloroform 

Chlorotrifluoromethane 

Cyclohexane 

Cyclopentane 

See page 4-23 for footnotes. 



t c ,°C 



-237.25 
230.2 
15Q.0 
138 
100.4 
553 

-63.77 
-228.72 

-92.9 
-146.9 
158 
36.5 
-118.38 
-58.0 
12.1 
182 
51.3 
49.1 
-3.5 
233.6 
-14.15 
318.7 
1040 
157.5 
45.55 
218.2 
165.26 
230.2 
374.2 
16.590 

321.6 

296 

235.5 

36.3 
289.5 
397.7 
152.01 
146.4 
283.2 
359.2 

96.4 
263.4 

28.86 
281.0 
238.6 



P c , atm 



14.65 

80.8 

88 

88.9 

54 27 

26.86 
64.6 
33.54 
100 
71.65 
50.14 
48.9 
54.6 
56 

64.5 
72.7 
47.8 

36.66 
36.95 

116 
77.79 
37.11 
83.8 
35.33 
45.5 

218.3 
58.0 

57.1 

46.2 

46.6 

61.6 

48.6 

44.6 

37.47 

39.7 

44.97 

44.6 

48.48 

54 

38.2 

40.57 

44.55 



Pc g/cm 3 



0.0481 



0.3488 

0.9085 

0.4835 

0.52 

0.3110 

0.56 

0.459 

0.41 

0.553 

0.52 



0.7419 

0.524 

0.7517 

0.633 



0.326 
1.105 

0.351 

0.273 
0.231 
0.300 
0.458 
0.228 
0.234 
0.558 
0.365 
0.525 
0.496 
0.578 
0.273 
0.27 
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Table 4c-l. Critical Temperature, Pressure, and Density op Elements 
and Compounds (Concluded) 



Dibromomethane 

Dichlorodifluoromethane 
Dichlorofluoromethane . . 

Diethyl ether 

Dimethyl amine 

Dimethyl ether 

Ethane 

Ethyl alcohol. ."'. ...:?.; 

Ethyl amine . 

Ethyl bromide ......... 

Ethyl chloride 

Ethyl fluoride. ......... 

Ethyl formate 

Ethyl sulfide. 

Ethylene. 

Ethylene oxide 

Fluorobenzene 

71-Hexane 

Iodobenzene 

Methane 

Methyl alcohol 

Methyl amine. ........ 

Methyl bromide 

Methyl chloride 

Methyl fluoride 

Methyl formate 

Methyl iodide 

Methyl sulfide 

Methylene chloride. 

Nitromethane 

n-Pentane. 

Phenol.. . 

Propane 

Propene . 

w-Propyl alcohol 

Propyne 

Toluene 

Trichlorofluoromethane . . 



'ci 



309.8 
111.5 
178.5 
194.6 
164.5 
126.9 

32.27 
243 
183.2 
230.7 
187.2 
102.16 
235.3 
225.5 

9.90 
195.8 
286.55 
234.7 
448 
-82.1 
240.0 
156.9 
191 
143.12 

44.55 
214.0 
255 
229. 
237. 

62. 
196. 
419. 

96.80 

91.8 
264.1 
128 
320.8 
198.0 



.9 

.0 

.3 

.62 

.2 



P c , atm Pc , g/cm 3 



70.6 

39.6 

51.0 

35.6 

52.4 

52.6 

48.20 

63.0 

55.54 

61.5 

51.72 

46.62 

46.8 

54.2 

50.50 

70.97 

44.6 

29.94 

44.6 

45.80 

78.47 

73.6 

65.93 

58.0 

59.2 

54.6 
59.97 

33.31 

60.5 

42.01 

45.6 

50.2 

52.8 

41.6 

43.2 



0.555 
0.522 
0.265 

0.246 
0.203 
276 

0.507 



0.323 

0.300 

0.227 

0.32 

0.354 

0.234 

0.581 

0.162 

0.272 



0.353 
300 
0:349 

0.309 

0.352 
0.232 

0.220 
0.233 
0.273 

0.29 
0.554 



* R. Anderson, J. G. Schnizlein, R. C. Toole, and T. D. O'Brien, J. Phys. Chem. 56, 473-474 (1952). 
t A. C. Jenkins and C. M. Birdsall, J. Chem. Phys. 20, 1158-1161 (1952). 
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Critical phenomena and data for gases are not treated here but will be found in 
other sections. The literature dealing with the effects of pressure on liquids and 
solids is very extensive, and only a typical selection can be attempted. The data 
presented here have been selected to cover as wide a range as possible, both of pressure 
and of the nature of the material. References to the general subject are: 

Bridgman, P. W.: "The Physics of High Pressure," George Bell & Sons, Ltd.; London, 

1949. 
Bridgman, P. W.: Recent Work in the Field of High Pressures, Rev. Modern Phys. 18, 

1-93 (1946). . ' 

Timmermans, J.: "Les Gonstantes physiques des composes orgamques eristallises, 

Masson et Cie, Paris, 1953. 

In the following, single phases are treated first, and then systems of two phases. 
The data for single-phase systems consist mostly of volume as a function of pressure, 
at several temperatures when the data have been determined, but in a number of cases 
at only a single temperature. From these data, compressibilities may be found and 
also thermal expansions if the volumes are known for more than one temperature. 
Other, thermodynamic parameters, such as specific heats, have been directly deter- 
mined as a function of pressure in very few cases and have to be inferred from the 
volume relations by indirect methods. No attempt is made here to give any of these 
values. 

For the two-phase systems, the melting curves are given first, including, when 
known, the other parameters necessary to completely characterize the melting thermo- 
dynamically; these are change of volume and latent heat. Finally, the transition 
parameters for a few systems exhibiting polymorphism under pressure are given. The 
phase diagrams of these substances are also given for greater clarity. In most cases 
the various transition lines are sufficiently characterized by the parameters at the 
triple points, which are indicated in the tables. 
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Table 4d-l. Specific Volume of Water* 
(In cm 3 /g; in the range 200 to 1000°C and 100 to 2,500 bars) 



Temp., 


Pressure, bars 


°C 


















100 


200 


500 


1,000 


1,500 


2,000 


2,500 


200 


1 . 14830 


1.13899 


1.1145 


1.0811 


1.0533 


1.0258 


1.0027 


300 


1.39704 


1.35992 


1.2869 


1.2131 


1 . 1639 


1.1257 


1.0946 


400 


26.31 


9.96 


1.745 


1.4443 


1.3284 


1.2591 


1.2092 


500 


32.35 


14.77 


3.890 


1.8794 


1.5653 


1.4402 


1.3566 


600 


37.78 


18.11 


6.114 


2.6802 


1.9496 


1.6630 


1.5252 


700 


42.517 


20.973 


- 7.7651 


3.5829 


2.449 


1.980 


1.7346 


800 


46.082 


23.391 


9.0925 


4.4338 


2.994 


2.350 


2.000 


900 


49.54 


25.74 


10.28 


5.208 


3.531 


2.738 


2.296 


1000 


52.90 


27.84 


11.30 


5.900 


4,035 


3.123 


2.589 



> G. C. Kennedy, Am. J. &*. 248, 540 (1950). 



Table 4d-2; Specific Volume of Water* 
(In cm 3 /g; between and 95°C and up to 11,000 kg/cm 2 ) 



Pressure, 


Temp., °C 


kg/cm 2 













50 


95 


1 


i'.oooi 


1.0121 


1.0396 


500 


0.9772 






1,000 


0.9568 


0.9742 


0.9985 


1,500 


0.9397 


0.9583 


0.9813 


2,000 


0.9249 


0.9440 


0.9662 


3,000 


0.8997 


0.9202 


0.9410 


4,000 


0.8796 


0.8998 


0.9195 


5,000 


0.8627 


0.8825 


0.9010 


6,000 




0.8669 


0.8850 


7,000 




0.8531 


0.8706 


8,000 




0.8408 


0.8578 


9,000 




0.8297 


0.8462 


10,000 




0.8193 


0.8353 


11,000 






0.8257 



*P. W. Bridgman, Proe. Am. Atad. Arts Sex. 66, 185 (1931). 
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Table 4d-3. Relative Volumes of Mercury, Ethyl Alcohol, and 

Ethyl Ether at Several Temperatures* 

(To 12,000 kg/cm 2 . Relative volumes in terms of volume at 0°C and 

atmospheric pressure) 



Pressure 


Mercury 


Ethyl alcohol 


Ethyl ether 


kg/cm 2 


0°C 


22°C 


20°C 


50°C 


80°C 


20°C 


50°C 


80°C 


1 

500 

1,000 

1,500 

2,000 

3,000 

4,000 

5,000 

6,000 

7,000 

8,000 

9,000 

10,000 

11,000 

12,000 


1.00000 

0.99626 

0.99261 
0.98905 
0.98561 
0.98231 
0.97914 
0.97607 


1 .00398 

1.00007 

0.99627 
0.99264 
0.98909 
0.98571 
0.98246 
0.97934 
0.97637 
0.97356 
0.97088 
0.96835 
0.96596 


1.0212 
0.9794 
0.9506 
0.9267 
0.9081 
0.8786 
0.8545 
0.8343 
0.8178 
0.8038 
0.7917 
0.7807 
0.7703 
0.7606 
0.7521 


1.0557 
1.0044 
0.9707 
0.9440 
0.9235 
0.8919 
0.8668 
0.8461 
0.8291 
0.8142 
0.8013 
0.7893 
0.7785 
0.7693 
0.7600 


1.0934 
1.0334 
0.9944 
0.9640 
0.9407 
0.9055 
0.8787 
0.8568 
0.8387 
0.8229 
0.8094 
0.7973 
0.7863 
0.7765 
0.7682 


1.0315 
0.9681 
0.9363 
0.9093 
0.8871 
0.8530 
0.8275 
0.8071 
0.7916 
0.7773 
0.7645 
0.7525 
0.7418 
0.7312 
0.7216 


1.0011 
0.9616 
0.9291 
0.9038 
0.8670 
0.8400 
0.8186 
0.8023 
0.7869 
0.7732 
0.7606 
0.7496 
0.7388 
0.7289 


1.0387 
0.9906 
0.9516 
0.9223 
0.8812 
0.8552 
0.8284 
0.8112 
0.7953 
0.7813 
0.7687 
0.7574 
0.7469 
0.7365 



* P. W. Bridgman, Proc. Am. Acad. Arts Set. 47, 347 (1911) (mercury); 49, 1 (1913) (ethyl alcohol, 
ethyl ether). 

Table 4d-4. Relative Volumes of CS 2 and w-Pentane at 

Several Temperatures* 

(To 12,000 kg/cm 2 . Relative volumes in terms of volume at 0°C and 

atmospheric pressure) 







cs 2 






n-Pentane 




Pressure, 














kg /cm 2 


20°C 


50°C 


80°C 


0°C 


50°C 


95°C 


1 


1.0235 


1.0630 


1.1092 


1.0000 


(1.0837) 


(1.1869) 


500 


0.9865 


1.0158 


1.0473 








1,000 


0.9586 


0.9829 


1.0083 


0.9021 


0.9395 


0.9768 


1,500 


0.9358 


0.9571 


0.9787 








2,000 


0.9173 


0.9362 


0.9552 


0.8546 


0.8820 . 


0.9078 


3,000 


0.8877 


0.9033 


0.9185 


0.8229 


0.8454 


0.8671 


4,000 


0.8647 


0.8770 


0.8902 


0.7997 


0.8193 


0.8371 


5,000 


0.8453 


0.8570 


0.8676 


0.7811 


0.7985 


0.8125 


6,000 


0.8295 


0.8406 


0.8501 


0.7647 


0.7807 


0.7933 


7,000 


0.8147 


0.8257 


0.8347 


0.7506 


0.7657 


0.7775 


8,000 


0.8022 


0.8131 


0.8220 


0.7381 


0.7520 


0.7641 


9,000 


0.7911 


0.8020 


0.8107 


0.7281 


0.7409 


0.7527 


10,000 


0.7805 


0.7910 


0.7997 


0.7192 


0.7316 


0.7433 


11,000 


0.7715 


0.7809 


0.7894 








12,000 


0.7638 


0.7710 


0.7795 









*P. W. Bridgman, Proc. Am. Acad. Arts Sci. 49, 1, (1913) (CS 2 ); 66, 185 (1931) (n-pentane). 
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Table 4d-5. Relative Volumes of ^-Octane, Benzene, and Glycerine at 

Several Temperatures* 

(To 12,000 kg/cm 2 . Relative volumes in terms of volume at 0°C and 

atmospheric pressure) 



Pressure, 


n-Octane 


Benzene, C 6 H 6 


Glycerine 


kg /cm 2 


0°C 


50°C 


95°C 


50°C 


95°C 


0°C 


50°C 


95°C 


1 
500 

1,0Q0 

1,500 ,. 

2,000 

3,000 

4,000 

5,000 

6,000 

7,000 

8,000 

9,000 
10,000 
11,000 


1.0000 
0.9572 
0.9311 

0.8924 
0.8640 


1.0595 
1.0005 
0.9654 

0.9200 
0.8882 
0.8639 
0.8428 
0.8251 
0.8103 


1 . 1230 

0.9943 

0.9422 
0.9068 
0.8802 
0.8592 
0.8416 
0.8267 
0.8134 
0.8014 
0.7915 


1.0630 
1.0160 
0.9841 
0.9591 


1.1295 

1.0201 
0.9916 
0.9684 
0.9325 


1.0000 
0.9900 
0.9806 
0.9721 
0.9641 
0.9501 
0.9373 
0.9264 
0.9157 
0.9057 
0.8958 
0.8867 
0.8783 
0.8712 
0.8648 


1.0266 
1.0136 
1.0025 
0.9930 
0.9843 
0.9688 
0.9548 
0.9423 
0.9310 
0.9211 
0.9121 
0.9036 
0.8955 
0.8879 
0.8800 


1.0240 
1.0125 
1.0024 
0.9853 
0.9700 
0.9565 
0.9447 
0.9342 
0.9244 
0.9152 
0.9070 
0.8994 


12 000 












0.8925 

















* P. W. Bridgman, Proc. Am. Acad. Arts Set. 66, 185 (1931) (n-octane benzene); 67, 1 (1932) (glyc- 
erine). 



Table 4d-6. Volume of Solid Helium at 0°K* 



Pressure, 


Volume, 


Compressibility 


kg/cm 2 


ml/mole 


(l/v)(dv/dp) T 


52 


19.0 


184 X 10~ 6 


91 


18.0 


135 


141 


17.0 


100 


207 


16.0 


73 


305 


15.0 


52 


475 


14.0 


37 


718 


13,0 


25 


1,105 


12.0 


16 


1,715 


11.0 


12 


2,240 


10.5 


10 



* J. S. Dugdale and F. E. Simon, Proc. Roy. Soc. (London) 218, 291 (1953). 
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Table 4d-7. Fractional Change of Volume at 25°C of Relatively 
Incompressible Metals* 



Pressure, 


AV/Vo 


kg/cm 2 


W 


Pt 


Fe 


Cu 


Ag 


Au 


Al 


5,000 
10,000 
15,000 
20,000 
25,000 
30,000 


0.00155 
0.00309 
0.00475 
0.00634 
0.00797 
0.00959 


0.00176 
0.00351 
0.00526 
0.00701 
0.00877 
0.01048 


0.00289 
0.00575 
0.00856 
0.01133 
0.01407 
0.01676 


0.00353 
0.00696 
0.01039 
0.01370 
0.01695 
0.02010 


0.00473 
0.00938 
0.01385 
0.01820 
0.02236 
0.02619 


0.00281 
0.00558 
0.00831 
0.01101 
0.01367 
0.01626 


0.00668 
0.01312 
0.01932 
0.02520 
0.03090 
0.03642 



*P. W. Bridgman, Proc. Am. Acad. Arts Sci. 77, 187 (1949). 



Table 4d-8. Relative Volumes of Various Solids at 25°C* 



Pressure, 
kg/cm 2 


Lucite 


Cellulose 
acetate 


Bakelite 


Hard 
rubber 


Nylon 
6-10 


Teflon 


Orthoclase 


1 
2,500 
5,000 
10,000 
15,000 
20,000 
30,000 
40,000 


1.0000 
09633 
0.9329 
0.8903 
0.8613 
0.8329 
0.8051 
0.7816 


1.0000 
0.9532 
0.9216 
0.8811 
0.8514 
0.8283 
0.7935 
0.7682 


1.0000 
0.9760 
0.9562 
0.9240 
0.8978 
0.8765 
0.8436 
0.8188 


1.0000 
0.9684 
0.9390 
0.8955 
0.8655 
0.8427 
0.8083 
0.7834 


1.0000 
0.9615 
0.9345 
0.8940 
0.8652 
0.8430 
0.8100 
0.7861 


1.0000 
0.9473 
0.9153 
0.8547 
0.8306 
0.8125 
0.7857 
0.7661 


1.0000 

0.9829 

0.9667 
0.9512 
0.9366 


Pressure, 
kg /cm 2 


Calcite 


Garnet 


Iodoform 


Urea 
nitrate 


Potassium 
phosphate 


Potassium 
alum 


1 
5,000 
10,000 
15,000 
20,000 
30,000 
40,000 


1.0000 

0.9866 

tr. 
0.9275 
0.9113 
0.8981 


1.0000 

0.9929 

0.9862 
0.9800 
0.9743 


1.0000 
0.9451 
0.9079 
0.8806 
0.8586 
0.8241 
0.7966 


1.0000 
0.9628 
0.9358 
0.9145 
0.8966 
0.8669 
0.8431 


1.0000 
0.9821 
0.9665 
0.9526 
0.9401 
0.9183 
0.9004 


1.0000 
0.9718 
0.9486 
0.9296 
0.9131 
0.8843 
0.8607 



* P. W. Bridgman, Proc. Am. Acad. Arts Sci. 76, 71 (1948). 
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Table 4d-9. Relative Volumes of Some of the More Compressible Elements, 
Salts, and Other Solids at 25°C* 



Pressure, 


Li 


Na 


K 


Rb 


Cs 


Ca 


Cr 


Ba 


C 


kg /cm 2 




















1 


1.000 


1.000 


1.000 


1.000 


1.000 


1.000 


1.000 


1.000 


1.000 


10,000 


0.928 


0.889 


0.814 


0.802 


0.761 


0.942 


0.925 


0.914 




20,000 


0.874 


0.816 


0.723 


0.708 


0.656 


0.897 


0.878 


0.841 




30,000 


0.833 


0.770 


0.668 


0.652 


0.571 


0.861 


0.828 


0.789 


0.940 


40,000 


0.801 


0.737 


0.628 


0.612 


0.521 tr 


0.832 


0.791 


0.747 


0.929 


50,000 


0.773 


0.708 


0.595 


0.578 


0.431 r 


0.805 


0.761 


0.712 


0.919 


60,000 


0.748 


0.683 


0.568 


0.551 


0.409 


0.780 


0.734 t 


0.682 


0.911 


70,000 


0.727 


0.661 


0.546 


0.528 


0.392 


0.748 tr 


0.702 


0.639 


0.903 


80,0D0 


0.707 


0.641 


0.528 


0.507 


0.381 


0.732 


0.683 


0.618 


0.896 


90,000 


0.689 


0.623 


0.513 


0.489 


0.375 


0.716 


0.665 


0.598 


0.890 


100,000 


0.672 


0.606 


0.500 


0.473 


0.368 


0.702 


0.648 


0.580 


0.885 



* P. W. Bridgman, Proc. Am. Acad. Arts Set. 76, 55, 71 (1948); 74, 425 (1942). 

Table 4d-10. Relative Volumes of Solids at 25°C* 



Pressure, 


Mg 


Sn 


Pb 


Bi 


S 


NaCl 


Nal 


CsCl 


Csl 


kg /cm 2 




















1 


1.000 


1.00Q 


1,000 


1.000 


1.000 


1.000 


1.0Q0 


1 .000 


1.000 


10,000 




0.982 


0.978 


0.972 


0.917 


0.962 


0.944 


0.952 


0.935 


20,000 




0.966 


0.959 


0.948 


0.869 


0.932 


0.902 


0.914 


0.887 


30,000 


0.935 


0.951 


0.941 


0.842 


0.837 


0.907 


0.868 


0.882 


0.849 


40,000 


0.919 


0.936 


0.925 


0.826 


0.812 


0.885 


0.840 


0.856 


0.818 


50,000 


0.904 


0.923 


0.901 


0.808 


0.792 


0.865 


0.816 


0.834 


0.792 


60,000 


0.890 


0.909 


0.898 


0.795 


0.775 


0.848 


0.795 


0.816 


0.770 


70,000 


0.878 


0.897 


0.885 


0.778 tr 


0.760 


0.832 


0.777 


0.801 


0.751 


80,000 


0.866 


0.886 


0.874 


0.768 


0.747 


0.817 


0.761 


0.788 


.0.734 


90,000 


0.856 


0.875 


0.864 


0.760 t 


0.736 


0.803 


0.747 


0.777 


0.719 


100,000 


0.847 


0.864 


0.855 


0.739 tr 


0.726 


0.790 


0.734 


0.767 


0.706 


Pressure, 
kg/cm 2 


NaN0 3 


PbS 


PbTe 


Quartz 
crystal 


Quartz 
glass 


Pyrex 
glass 


1 


1.000 


1.000 


1.000 


1 .000 


1.000 


1.000 


10,000 


0.966 


0.980 


0.978 


0.976 


0.970 


0.969 


20,000 


0.938 


0.962 


0.961 


0.955 


0.939 


0.938 


30,000 


0.914 


0.928* 


0.939 


0.939 


0.909 


0.907 


40,000 


0.893 


0.918 


0.930 


0.926 


0.885 


0.885 


50,000 


0.873 


0.909 


0.884 tr 


0.914 


0.864 


0.867 


60,000 


0.846 


0.900 


0.869 


0.902 


0.847 


0.851 


70,000 


0.833 tr 


0.892 


0.855 


0.892 


0.832 


0.838 


80,000 


0.820 


0.886 


0.842 


0.883 


0.819 


0.827 


90,000 


0.809 


0.881 


0.831 


0.875 


0.808 


0.817 


100,000 


0.799 


0.876 


0.820 


0.868 


0.798 


0.809 



*P. W. BridRman, Proc. Am, Acad. Arts Sci. 76, 55. 71 (1948); 74, 425 (1942). 
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Table 4d-ll. Melting of Hydkogen and Helium* 





Hydrogen 


Helium 


Temp., 




Entropies, 


Volumes, 


°K 


pressure, 
kg /cm 2 


Pressure, 
kg /cm 2 


cal/mole deg 


ml /mole 


















- 


Solid 


Fluid 


Solid 


Fluid 


5 




196 


0.23 


1.70 


16.21 


17.14 


10 




595 


0.48 


2.00 


13.45 


14.13 


15 


4 


1,150 


0.66 


2.26 


12.08 


12.65 


20 


213 


1,800 


0.86 


2.54 


11.10 


11.61 


25 


438 


2,540 


1.04 


2.82 


10.25 


10.72 


30 


70a 


3,350 










40 


1,370 


5,260 










55 


2,200 












60 


3,180 












70 


4,330 












80 


5,630 













*F. Simon, Z. Elektrochem. 35, 618 (1929); F. Simon, M. Ruhemann, and W. A. M. Edwards, Z. 
physik. Chem. 5, 331 (1930); J. S. Dugdale and F. E. Simon, Proc. Roy. Soc. (London) 218, 291 (1953). 



Table 4d-12. Melting Parameters of Nitrogen and Argon* 







Nitrogen 






Argon 




Pressure, 


























kg /cm 2 


Temp., 


AV, 


Latent heat, 


Temp., 


AV, 


Latent heat, 




°K 


cm 3 /g 


kg cm/g 


°K 


cm 3 /g 


kg cm/g 


1 


63.1 


(Q.072) 


(218) 


83.9 


0.0795 


280 


1,000 


82.3 


0.058 


271 


106.3 


0.0555 


280 


2,000 


98.6 


0.047 


302 


126.4 


0.0425 


279 


3,000 


113.0 


0.040 


334 


144.9 


0.0340 


277 


4,000 


125.8 


0.033 


335 


162.0 


0.0280 


275 


5,000 


137.8 


0.029 


342 


178.0 


0.0240 


276 


6,000 


149.2 


0.026 


346 


193.1 


0.0210 


277 



* P. W. Bridgman, Phys. Rev. 46, 930 (1934). 
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Table 4d-l4. Transition Parameters of Water and Ice 



See also Fig. 4d-l) 



Pressure, 
kg/cm 2 



2,115 
2,170 



2,115 
3,530 



170 
794 



2,170 
3,510 



3,530 
6,380 



3,530 
3,510 



3,510 
4,200 



6,380 
6,365 



Temp., °C 



AV, cm 3 /g 



Latent heat, 
kg cm/g 



I-liquid 



I-III 



-22.0 
-34.7 



1818 
1963 



220 
90 



Liquid-Ill 



-22.0 
-17.0 



0.0466 
0.0241 



-2,170 
-2,620 



I-II 



-34.7 
-75.0 



0.2178 
0.2146 



-430 
-380 



III-II 



-34.7 
-24.3 



0.0215 
0.0145 



-520 
-720 



Liquid-V 



-17.0 
+ .16 



0.0788 
0.0527 



-2,660 
-2,990 



III-V 



-17.0 
-24.3 



0.0547 
0.0546 



-40 
-40 



II-V 



-24.3 
-34.0 



0.0401 
0.0401 



680 
660 



V-VI 



+0.16 
-20 



0.0389 
0.0381 



-10 
-10 



VI-VII 



22,000 


0.0 


0.0567 


-290 


22,350 


+40.0 


0.0573 


-60 


22,400 


81.6 


0.0580 






Triple 
point 



1 





0.0900 


3,410 




1,130 


-10.0 


0.1122 


2,900 




2,115 


-22.0 


0.1352 


2,390 


T.P. 



T.P. 
T.P. 



T.P. 
T.P. 



T.P. 



T.P. 
T.P. 



T.P. 
T.P. 



T.P. 
T.P. 



T.P. 



T.P. 







Liquid-V 






6,380 


+0.16 


0.0916 


-3,000 


T.P. 


10,590 


30.0 


0.0663 


-3,360 




16,000 


57.2 


0.0478 


-3,430 




22,400 


81.6 


0.0330 


-3,610 


T.P. 



T.P. 







Liquid-VII 






22,400 


81.6 


0.0910 


-3,610 


T.P. 


28,000 


124.1 


0.0817 


-4,840 




34,000 


161.1 


0.0738 


-5,650 




40,000 


192.3 


0.0674 


-6,550 
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Fig. 4d-l. Phase diagram of water. 
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Table 4d-15. Transition Parameters of Bismuth (See also Fig. 4d-2) 



III-IV 



Pressure, 
kg /cm 2 


Temp., °C 


AV, cm 3 /g 


Latent heat, 
kg cm/g 


Triple 
point 


I-Liquid 


1 
10,000 
17,300 


271 

228.8 
183.0 


0.00345 
0.00419 
0.0045 


-549 
-416 
-310 


T.P. 


I-II 


17,300 
32,300 


183.0 
-110 


0.0047 
0.0043 


110 
36 


T.P. 
T.P. 


II-III 


22,400 
32,300 


185 
-110 


0.0029 
0.0025 


45 
14 


T.P. 
T.P. 


Liquid-II (calculated) 


17,300 
22,400 


183 
185 


0.0002 
0.0002 


-200 
-200 


T.P. 
T.P. 


Liquid-Ill (calculated) 


22,400 


| 185 | 0.0031 | -155 


| T.P. 



43,000 
45,000 


-100 
+50 


0.0003 (?) 
0.0004 (?) 


0(?) 
0(?) 
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Fig. 4d-2. Phase diagram of bismuth. 
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Table 4d-16. Transition Parameters of UrethanE (G3H7NO2) 
(See also Fig. 4d-3) 



Pressure, 
kg /cm 2 



1 
2,350 



2,350 
3,400 



2,350 
4,230 



4,230 

8,000 

12,000 



4,230 
3,400 



3,400 
3,160 



Temp., °C A7, cm 3 /g 



Latent heat, 
kg cm/g 



Liquid-I 



47.9 
66.2 



0.0599 
0.0253 



-1,740 
-1,620 



I-II 



66.2 
25.5 



0.0102 
0.0092 



90 
70 



Liquid-Il 



66.2 
76.8 



0.0355 
0.0184 



-1,530 
-1,470 



Liquid-Ill 



76.8 
119.0 
156.7 



0.0640 
0.0500 
0.0378 



II-III 



76.8 
25.5 



0.0456 
Q.0482 



Mil 



25.5 




0.0574 
0.0572 



-1,730 
-1,950 
-1,830 



-260 
-235 



-165 
-150 



Triple 
point 



T.P. 



T.P. 
T.P. 



T.P. 
T.P. 



T.P. 



T.P. 
T.P. 



T.P. 
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Fig. 4d-3. Phase diagram of urethane. 
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Table 4d-17. Transition Parameters of Thallium (See also Fig. 4d-4) 



Pressure, 
kg/cm 2 



1 
39,000 



39,000 
43,000 



39,000 



Temp., °C 



AV, cm 3 /g 



Latent heat, 
kg cm/g 



II-I 



227 
153 



0.00004 (?) 
0.00024 



41.7 



II-III 



153 
-100 



0.00053 
0.00039 



2.7 

1.1 



I-III (calculated) 



153 



0.00029 



-39.0 
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Fig. 4d-4. Phase diagram of thallium. 
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HEAT 



The contribution to the molar heat capacity at constant volume C v of a solid due to 
lattice vibrations is given by Debye's equation 



C v = 3.R 



[>*(I)7. 



e/T 



'dy 



e* 



- 3 



e/T 



h] 



(4e-l) 



where R is the universal gas constant and is the Debye temperature. Values of C v 
for many different values of Q/T are given in Table 4e-3. The molar internal energy 

[T 
E of a solid due to lattice vibrations is equal to J C v dT. Values of E/T as a func- 
tion of G/T^are given in Table 4e-4, The molar entropy S of a solid due to lattice 
vibrations is equal to / (C v /T) dT. Values of S as a function of Q/T are given in 
Table 4e-5. 



Table 4e-3. Values of 


the Debye C v as a 


Function of 


Q/T* 




e 

T 


0.0 


0.1 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.8 


0.9 





5.955 


5.95 


5.94 


5.93 


5.91 


5.88 


5.85 


5.81 


5.77 


5.72 


1 


5.670 


.5.61 


5.55 


5.48 


5.41 


5.34 


5.26 


5.18 


5.09 


5.01 


2 


4.918 


4.83 


4.74 


4.64 


4.54 


4.45 


4.35 


4.25 


4.15 


4.05 


3 


3.948 


3.85 


3.75 


3.65 


3.56 


3.46 


3.36 


3.27 


3.18 


3.09 


4 


2.996 


2.91 


2.82 


2.74 


2.65 


2.57 


2.50 


2.42 


2.34 


2.27 


5 


2.197 


2.13 


2.06 


1.99 


1.93 


1.87 


1.81 


1.75 


1.69 


1.63 


6 


1.582 


1.53 


1.48 


1.43 


1.39 


1.34 


1.30 


1.26 


1.21 


1.18 


7 


1.137 


1.100 


1.065 


1.031 


0.998 


0.966 


0.935 


0.906 


0.878 


0.850 


8 


0.823 


0.798 


0.774 


0.750 


0.727 


0.704 


0.683 


0.662 


0.642 


0.623 


9 


0.604 


0.588 


0.570 


0.552 


0.537 


0.521 


0.507 


0.492 


0.478 


0.465 


10 


0.452 


0.439 


0.427 


0.415 


0.404 


0.394 


0.383 


0.373 


0.363 


0.353 


11 


0.345 


0.335 


0.324 


0.319 


0.310 


0.303 


0.295 


0.287 


0.280 


0.273 


12 


0.267 


0.260 


0.254 


0.248 


0.242 


0.237 


0.231 


0.226 


0.221 


0.216 


13 


0.211 


0.206 


0.202 


0.197 


0.193 


0.188 


0.184 


0.180 


0.176 


0.172 


14 


0.169 


0.165 


0.162 


0.159 


0.155 


0.152 


0.149 


0.146 


0.143 


0.140 


15 


0.137 


0.135 


0.132 


0.130 


0.127 


0.125 


0.122 


0.120 


0.118 


0.116 



e 


c 


9 


C 


e 


c 


T 




T 




T 




16 


0.113 


21 


0.0502 


26 


0.0264 


17 


0.0945 


22 


0.0436 


27 


0.0236 


18 


0.0796 


23 


0.0382 


28 


0.0212 


19 


0.0677 


24 


0.0336 


29 


0.0190 


20 


0.0581 


25 


0.0298 


30 


0.0172 



* From "Handbuch der Physik," vol. 10, p. 367. 
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E \ f T 
Table 4e-4. Values of ^ = - / C v dT as a Function of e/T* 



e 

T 


0.00 


0.01 


0,02 


0.03 


0.04 


0.05 


0.06 


0.07 


0.08 


0.09 


0.1 


5.733 


5.710 


5.688 


5.667 


5.646 


5.625 


5.604 


5.583 


5.562 


5.541 


0.2 


5.520 


5.500 


5.480 


5.459 


5.438 


5.417 


5.396 


5.375 


5.354 


5.333 


0.3 


5.312 


5.291 


5.271 


5.250 


5.230 


5.210 


5.190 


5.170 


5.150 


5.130 


0.4 


5.110 


5.091 


5.071 


5.051 


5.031 


5.012 


4.992 


4.972 


4.952 


4.933 


0.5 


4.913 


4.893 


4.874 


4.855 


4.836 


4.817 


4.788 


4.779 


4.760 


4.741 


0.6 


4.722 


4.704 


4.685 


4.666 


4.647 


4.628 


4.610 


4.592 


4.574 


4.555 


0.7 


4.536 


4.518 


4.500 


4.483 


4.465 


4.447 


4.429 


4.412 


4.394 


4.376 


0.8 


4.358 


4.341 


4.324 


4.307 


4.290 


4.273 


4.255 


4.238 


4.221 


4.203 


0.9 


4.186 


4.169 


4 . 152 


4.135 


4.118 


4.101 


4.084 


4.067 


4.050 


4.033 


1.0 


4.017 


4.001 


3.985 


3.968 


3.952 


3.935 


3.918 


3.902 


3.886 


3.870 


1.1 


3.854 


3.838 


3.822 


3.806 


3.790 


3.774 


3.758 


3.742 


3.726 


3.710 


1.2 


3.695 


3.680 


3.665 


3.650 


3.635 


3.620 


3.605 


3.590 


3.575 


3.560 


1.3 


3.545 


3.530 


3.515 


3.500 


3.486 


3.471 


3.457 


3.442 


3.428 


3.413 


1.4 


3.399 


3.385 


3.371 


3.357 


3.343. 


3.329 


3.315 


3.301 


3.287 


3.273 


1.5 


3.259 


3.245 


3.231 


3.217 


3.203 


3.190 


3.176 


3.163 


3.150 


3.136 


1.6 


3.123 


3.110 


3.096 


3.082 


3.069 


3.056 


3.043 


3.030 


3.017 


3.004 


1.7 


2.992 


2.979 


2.966 


2.953 


2.940 


2.927 


2.915 


2.902 


2.890 


2.877 


1.8 


2.864 


2.851 


2.839 


2.826 


2.814 


2.801 


2.789 


2.776 


2.764 


2.752 


1.9 


2.739 


2.727 


2.716 


2.704 


2.692 


2.681 


2.670 


2.659 


2.648 


2.637 



e 
T 



b 
l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 



0.0 



5.955 

4.0168 

2.6266 

1.6873 

1.0921 

0.7009 

0.4618 

0.3128 

0.2195 

0.1639 

0.1149 

0.0866 

0.0671 

0.0526 

0.0420 

0.0343 



0.1 



7330 
8536 
5138 
6131 
0361 
6712 
4437 
3017 
2135 
1588 
1107 
0845 
0655 
0514 
0411 
0335 



0.2 



5195 
6951 
4068 
5423 
9931 
7438 
4259 
2908 
2077 
1536 
1070 
0824 
0640 
0502 
0403 
0328 



0.3 



3122 
5450 
3047 
4756 
9517 
6187 
4088 
2803 
2017 
1485 
1028 
0804 
0625 
0491 
0395 
0320 



0.4 



1100 
3991 
2044 
4118 
9118 
5944 
3926 
2702 
1959 
1435 
1009 
0783 
0610 
0481 
0388 
0313 



0.5 



.9130 
2592 
; 1078 
.3492 
.8733 
.5708 
.3787 
2605 
1905 
.1384 
0983 
0763 
0595 
0471 
0380 
0308 



0.6 



.7220 
1229 
.0166 
2917 
8361 
.5478 
3652 
2513 
1855 
1336 
0957 
0742 
0580 
0461 
0373 
0303 



0.7 



5364 
9920 
9288 
2364 
8002 
5255 
3519 
2423 
1797 
1289 
0953 
0722 
0565 
0451 
0365 
0298 



0.8 



.3578 
.8640 
8446 
1825 
7654 
5037 
3387 
2340 
1744 
.1242 
0907 
0704 
0552 
0441 
0358 
0293 



0.9 



.1862 
.7395 
.7642 
.1314 
.7317 
.4824 
.3257 
.2263 
.1691 
.1195 
.0886 
.0686 
.0540 
.0431 
.0350 
.0288 



* "Handbuch der Physik," vol. 10, p. 368. 



4-46 



HEAT 
fT C 

Table 4e-5. Values of S = / y dT as a Function of B/T* 



e 

T 


0.00 


0.01 


0.02 


0.03 


0.04 


0.05 


0.06 


0.07 


0.08 


0.09 


0.1 


21.65 


21.16 


20.69 


20.23 


19.79 


19.37 


18.99 


18.62 


18.26 


17.79 


0.2 


17.53 


17.23 


16.98 


16.73 


16.47 


16.22 


15.97 


15.74 


15.52 


15.31 


0.3 


15.12 


14.93 


14.76 


14.59 


14.42 


14.25 


14.08 


13.91 


13.74 


13.58 


0.4 


13.42 


13.27 


13 . 13 


13.00 


12.86 


12.73 


12:60 


12.47 


12.35 


12.22 


OS 


12.06 


11.98 


11.86 


11.75 


11.64 


11.53 


11.41 


11.32 


11.22 


11.12 


0.6 


11.03 


10.93 


10.84 


10.75 


10.65 


10.56 


10.47 


10.38 


10.29 


10.21 


0.7 


10.14 


10.04 


9.96 


9.88 


9.80 


9.73 


9.66 


9.58 


9.51 


9.45 


0.8 


9.364 


9.291 


9.229 


9.162 


9.094 


9.027 


8.959 


8.892 


8.825 


8.756 


0.9 


8.689 


8.630 


8.564 


8.495 


8.440 


8.379 


8.320 


8.263 


8.206 


8.150 


1.0 


8.094 


8.039 


7.984 


7.928 


7.873 


7.818 


7.762 


7.707 


7.653 


7.601 


1.1 


7.549 


7.498 


7.447 


7.396 


7.346 


7.302 


7.249 


7.201 


7.153 


7.105 


1.2 


7.060 


7.015 


6.970 


6.925 


6.880 


6.835 


6.791 


6.748 


6.706 


6.663 


1.3 


6.621 


6.579 


6.537 


6.496 


6.455 


6.413 


6.373 


6.333 


6.295 


6.256 


1.4 


6.218 


6.185 


6.144 


6.107 


6.069 


6.032 


5.995 


5.958 


5.921 


5.885 


1.5 


5 , 849 


5.813 


5.778 


5.743 


5.709 


5.675 


5.640 


5.607 


5.574 


5.540 


1.6 


5.507 


5.475 


5.442 


5.410 


. 5.379 


5.347 


5.316 


5.285 


5.253 


5.222 


1.7 


5.191 


5.160 


5.130 


5.100 


5.070 


5.041 


5.012 


4.982 


4.953 


4.924 


1.8 


4.895 


4.867 


4.840 


4.811 


4.783 


4.755 


4.728 


4.700 


4.672 


4.645 


1.9 


4.617 


4.590 


4.565 


4.539 


4.513 


4.488 


4.463 


4.438 


4.414 


4.390 



e 

T 


0.0 


0.1 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.8 


0.9 







21.6510 


17.5293 


15.1233 


13.4213 


12.1051 


11.0354 


10.1357 


9.3643 


8.6892 


1 


8.0934 


7.5484 


7.0601 


6.6206 


6.2183 


5.8491 


5.5068 


5 . 1906 


4.8947 


4.6176 


2 


4.3680 


4.1296 


3.9084 


3.7020 


3.5055 


3.3202 


3.1484 


2.9861 


2.8332 


2.7493 


3 


2.5538 


2.4253 


2.3042 


2.1913 


2.0849 


1.9816 


1.8871 


1.7976 


1.7115 


1 . 6306 


4 


1.5529 


1.4810 


1.4141 


1.3502 


1.2892 


1.2309 


1 . 1750 


1.1214 


1.0698 


1.0202 


5 


0.9748 


0.9317 


0.8914 


0.8548 


0.8195 


0.7854 


0.7525 


0.7206 


0.6897 


0.6595 


6 


0.6306 


0.6050 


0.5799 


0.5562 


0.5334 


0.5138 


0.4950 


0.4765 


0.4583 


0.4403 


7 


0.4225 


0.4072 


0.3922 


0.3777 


0.3639 


0.3506 


0.3381 


0.3258 


0.3144 


0.3033 


8 


0.2946 


0.2865 


0.2786 


0.2704 


0.2626 


0.2551 


0.2484 


0.2406 


0.2334 


0.2263 


9 


0.2193 


0.2124 


0.2054 


0.1985 


0.1918 


0.1850 


0.1785 


0.1722 


0.1659 


0.1596 


10 


0.1535 


0.1478 


0.1428 


0.1386 


0.1347 


0.1312 


0.1277 


0.1242 


0.1210 


0.1182 


11 


0.1155 


0.1127 


0.1099 


0.1072 


0.1044 


0.1017 


0.0989 


0.0963 


0.0939 


0.0915 


12 


0.0895 


0.0873 


0.0853 


0.0833 


0.0813 


0.0793 


0.0773 


0.0753 


0.0736 


0.0720 


13 


0.0701 


0.0686 


0.0669 


0.0655 


0.0641 


0.0628 


0.0615 


0.0601 


0.0588 


0.0575 


14 


0.0560 


0.0548 


0.0537 


0.0527 


0.0517 


0.0506 


0.0497 


0.0487 


0.0477 


0.0467 



* "Handbuch der Physik," vol. 10, p. 369. 

Once G is known, C v , E, and S may be obtained at any desired T. Table 4e-6 con- 
tains values of 9 for nonmetals. 

At low temperatures, the molar heat capacity of metals varies with the temperature 
according to the equation 

464 



where 9 is the Debye temperature and y is the electronic constant. Table 4e-7 
contains values of 9 and y for 39 metals. This table is the result of a critical evalua- 
tion of the latest low-temperature calorimetric work. The starred values of y were 
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not obtained calorimetrically but were calculated thermodynamically from supercon- 
ducting threshold field curves. For references, see page 210 of " Progress in Low Tem- 
perature Physics," C. J. Gorter, ed., Interscience Publishers, Inc., New York, North- 
Holland Publishing Co., Amsterdam; 1955. 



Table 4e-6. Deb ye Temperatures for Nonmetals 



Substance 


G, °K 


Substance 


e, °K 


A 


85 
144 
183 
474 
115 

97 

1860 

645 

105 

28-36 

15.5 
106 


KBr 


177 


AgBr...:..' 


KC1 


227 


AgCl 


KI. . . 


115-200 


CaF 2 .... 


LiF 


607 750 


CI 


MgO . 


750-8Q0 


D(H 2 ) 


NaCl 


281 


Diamond 


N... 


68 


FeS 2 ..... 


Ne 


63 


H 





91 


He 


RbBr 


120-135 
100-U8 


Hell 


Rbl. 


I..... . 









Substance 


8, °K 


Reference 


Germanium 


250-400 

658 [but /(01 

260 
318 

194 
135-160 

124-135 

160 
300 

~1000 


I. Esterman and J. R. Weertman, /. Chem. 

Phys. 20, 972 (1952) 
Pearlman and Keesom, Phys. Rev. 88, 398 

(1952) 
Hill and Parkins, Phil. Mag. 43, 309 (1952) 

C. H. Shomate, J. Am. Chem. Soc. 69, 218 
(1947) 

R. L. Petritz and W. W. Scanlon 

D. H. Parkinson and J. E. Quarrington, 
Proc. Phys. Soc. (London), ser. A, 67, 569 
(1954) 

D. H. Parkinson and J. E. Quarrington, 

Proc. Phys. Soc. (London), ser. A, 67, 569 

(1954) 
Long, Jones, and Gordon, U.S. Bur. Mines 

Rept. A-329 (Oct. 28, 1942) 
Calculated by F. A. Kroger from Wooster, 

Acta Cryst. 4, 191 (1951); Meijer and Polder, 

Physica 19, 255 (1953) Table 1 
J. A. Krumhansl and H. Brooks, J. Chem. 

Phys. 21, 1663 (1953) 


Silicon 


Gray tin 


Ti0 2 . 


PbS 


PbSe.. 


PbTe 


U0 2 


ZnS 


C (graphite) 
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Table 4e-7. Deb ye Temperatures and Electronic Constants for Metals 
(Starred values were obtained magnetically) 



Metal 


e, °K 


7, 

10~ 4 cal/mole deg 2 


Metal 


0, °K 


10 -4 cal/mole deg 2 


Ag 


229 
375 
164 
116 
1160 
117 
220 
165 
385 
418 

43 
343 
355 
240 
152 
213 

75 
109 
285 
100 
132 
430 
342 
410 
360 


1.45-1.60 
3.27-3.48 

1.67 


Na....... 

Nb 

Ni 

Os... 

Pb. 

Pd.. '...... 

Pr 

Pt 

Rb.. 

Re 

Rh... .. . . 

Ru... .. . . 

Sb... 

Sn 

Sr... 

Ta. 

Th 

Ti 

Tl 

U 

V 

W ". 

Zn 

Zr 


160 
252 
413 

96.3 
275 

233 

59 

275 

350 

140 
195 
148 
230 
168 
430 
100 
200 
338 
270 
235 
265 


4.3 


Al. 


17.5-20.4 


Au 


17.4 


Ba 


5.62 


Be... 


0.53 

0.114-0.186 

2.9 

1.5-1.7 

12.0 
3.7-3.8 


7.48-8.0 


Bi. 


22.4-31.0 


Ca.. 


22 


Cd. .... 


16.1-16.5 


Co 




Cr 


5.85 


Cs 


10.0-11.7 


Cu.... 


1.60-1.80 

12.0 

1.2 

16 

6.3-6.8 

5.3* 
4.0-4.33 
7.5-7.6 


8.0 


Fe 




Ga 


4.18-4.46 


Gd 




Hf 


13.0-14.0 


Hg 


11.2-13.3 


In 


8.0-8.5 


Ir 


3.5 


K . ...... 


26 


La 


16-21 


21.1-22.1 


Li ... . 


1.8-5.0 


Mg 

Mn .; 

Mo........ 


3.15-3.25 

32.9-43 

5.05-5.25 


1.25-1.50 
6.92-7.25 



The calorimetric quantities and y are given separately for the superconducting 
metals in Table 4e-8, along with the zero-field transition temperature T and the 
threshold field at absolute zero H . 
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Table 4e-8. Superconducting Transition Temperatures, Electronic 

Constants, and Bebye Temperatures for Superconductors 

(Starred values were obtained magnetically) 



Metal 


To, °K 


T , 10-* cal/ 
mole deg 2 


e, °K 


Ha, oersted 


References 


Al 


1.175 


3.27-3.48 


375 


106 


D2, Gl, G2, KB, S7 


Cd 


0,56-0.65 


1.5-1.7 


165 


27-28.8 


Gl, G2, K9, SI, S10, 
S12, Tl 


Ga 


1.103 


1,2 


240 


47-50.3 


Gl, G2, S7 


Hf 


0.37 


6.3-6.8 


213 




K9, S10 


Hg 


4.160 


5.3* 


69 


400-419 


D3, D4, Ml, M6, P2, 
R1,R2, S3, S4 


In 


3.374-3.432 


4.0-4.33 


109 


269-275 


CI, C3, C4, D3, M6 


La 


4.8,5.8 


16-21 


132 




J2, M4, PI, S5, Zl, Z2 


Nb 


8.7-8.9 


17.5-20.4 


252 


1960 


C5, D3, D4, Jl 


Os 


0.71 


5.62 




65 


Gl 


Pb 


7.22 


7.48-8.0 


96.3 


800 


C2, D3, D4, H2, J3, 

01, P3, S2 


Re 


1.70 


5.85 


210 


188 


A4, D5 


Rh 


0.9 


10.0-11.7 


350 






Ru 


0.47 


8.0 




46 


Gl 


Sn 


3.74 


4.18-4.46 


195 


304-310 


A2, A3, D3, D4, HI, 
K6, K7, LI, M2, 
M3, S2, W3 


Ta 


4.38 


13.0-14.0 


230 


860 


D3, D4, K2, M5, P4, 
Wl, W5 


Tc 


11.2 
1.388-1.40 




168 


131 


T2 


Th 


11.2-13.3 


S6, S7 


Ti 


0.39 


8.0-8.5 


430 


100 


Dl, El, S7, S10, Sll, 
S13, W2 


Tl 


2.392 


3.5 


100 


171 


D3, K4, K5, M6 


U 


1.1" 


26 


200 




Al, A4, G3, S7, S8 


V 


4.89 


21.1-22.1 


338 


1340 


W3, W4 


Zn 


0.93 


1.25-1.50 


235 


42-52.5 


D2, D9, Gl, G2, Kl, 
K3, S7, S9 


Zr 


0.55 


6.92-7.25 


265 


46.6 


El, K9,S10 
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Table 4f-l. Coefficients of Linear* Thermal Expansion of 
Chemical Elements (Polycrystalline) f 



Element 


Temp. 

or 
temp, 
range, 

°C 


Coefficient 

of linear 

thermal 

expansion 

X 10« per 

°C 


Element 


Temp. 

or 
temp, 
range, 

°C 


Coefficient 

of linear 

thermal 

expansion 

X 10«per 

°C 


Aluminum 


-191 toO 
+ 20 to 100 
20 to 300 
20 to 600 

- 190 to 20 
+ 20 to 100 
20 to 300 
20 to 500 

40 

to 300 

- 120 to 
+ 20 to 100 
20 to 300 
20 to 700 
1200 

- 190 to 17 
- 15 to 100 
+ 75 to 265 

20 to 750 

-220 
-160 
+ 10 

20 to 100 


18.0 
23.8 
25.7 
28.7 

8. to 10. 

8.4 to 11.0 
9.2 to 11.4 

9.5 to 11.6 

5.6 
18.1 to 21.0 

8.1 
12.3 
14.0 
16.8 
23.7 

13 to 17 
13 to 14 
17.4 

8.3 

20.6 
27.4 
29.7 
31.8 




-150 
- 50 
+ 30 

20 to 100 
to 300 

- 180 to 

0to78 

to 400 

to 750 

20 to 100 

20 to 400 

20 to 800 

-216 to 

- 100 to 
to 100 
to 300 
to 700 

20 to 100 
20 to 400 

-253 to 10 
-191 to 16 
+ 25 to 100 
25 to 300 
to 500 
to 1000 


18.0 


Antimony { 


Carbon: 


20.9 
22.5 
25.2 
22.0 




0.4 


Arsenic 




1.2 

2.8 

4.5 

0.6 to 4.3 

1.3 to 4.8 






Beryllium 


1 . 8 to 5.3 




4.1 




Cobalt 


5.1 

5.7 to 8.3 

7.8 to 8.9 
9.1 to 10.3 




12.4 




Copper 


14.0 
11.7 


Cadmium. 




14.1 
16 8 




17.8 
18.2 
20.3 



See page 4-53 for footnotes. 

1 All tables except 4f-7 and 4f-8 reprinted by permission from "Smithsonian Physical 
Tables," 9th ed. Data or references to publications on thermal expansion of other materials 
may be obtained from the National Bureau of Standards. 
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Table 4f-l. Coefficients of Linear* Thermal Expansion 
Chemical Elements (Polycrystalline) f {Continued) 



Element 


Temp. 

or 
temp, 
range, 

°C 


Coefficient 

of linear 

thermal 

expansion ' 

X 10« per 

°C 


Element . 


Temp. 

or 
temp, 
range, 

°C 


Coefficient 

of linear 

thermal 

expansion 

X 10« per 

°C 


Germanium 


20 to 230 
230 to 450 
450 to 840 

- 190 to 16 
to 100 
to 400 
to 700 
to 900 

- 180 to 20 
+ 20 to 100 

- 183 to 19 
+ 18 to 100 
to 1000 
to 1700 

- 182 to 

- 100 to 
to 20 
20 to 100 
20 to 300 
20 to 600 
20 to 900 

- 190 to 20 
+ 20 to 100 
20 to 200 
20 to 300 

-178 

- 98 

- 3 

to 95 

- 190 to 20 
20 to 100 
20 to 300 
20 to 500 

- 190 to 
- 183 to 
to 20 
to 100 
to 300 
- 183 to 
to 20 

- 70 to 

to 20 


6.0 
7.3 
7.5 

13.1 
14.2 
14.9 
15.8 
16.5 

26.7 
30.5 

5.7 
6.6 
7.9 
8.7 

9.1 
10.4 
11.6 
12.1 
13.4 
14.7 
15.0 

26.7 
29.2 
30.0 
31.3 

17.0 
36.3 
45.7 
56 

21.3 
25.9 
28.0 
29.8 

15.9 

17.6 

22.3 

22.8 

25.2 

12.8 to 20.4 

18.7 to 24.9 

13.6 

14.8 


Molybdenum^ ....... 

Neodymium. 


- 190 to 

- 100 to 
20 to 100 
25 to 500 
27 to 2127 

100 to 260 

-253 to 10 

- 192 to 16 

to 100 

to 300 

25 to 600 

25 to 900 

-212 toO 

- 100 to 
to 100 
to 300 
20 to 1500 

40 

-191 to 16 
+ 16 to 100 
16 to 500 
16 to 1000 

-191 to 16 

- 90 to 

to 100 
to 300 
to 500 
to 1000 

to 50 

-174 

- 92 

- 28 

to 100 
to 500 
to 1000 
to 1500 

- 98 to 19 

+ 13 to 32 
40 
50 


4.2 


Gold 


4.8 

3.7 to 5.3 

4.7 to 5.8 

7.2 




0.4 




Nickel. ...... .'. ..... 


8.1 




Niobium 


10.0 




13.1 
14.4 
15.fr 
16.3 

5.8 








6.9 
7.2 
7.5 
10.0 

6.6 








10.3 


Lead 


Platinum 


12.4 
12.8 




13.8 
8.0 




Potassium 


8.7 
9.0 




9.2 

9.6 

10.2 

85 




Rhodium 


5.0 


Manganese: 

Alpha phase. ...... 




7.4 
7.9 
8.4 
9.7 
10.8 
12.1 

66 


Beta phase 


Ruthenium 


6.8 


Gamma phase 




9.6 
9.9 



Ite pftie 4-53 for footnotes, 
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Table 4f-l. Coefficients of Linear* Thermal Expansion of 
Chemical Elements (PoLYCRYSTALLiNE)t (Continued) 



Element 


Temp. 

or 
temp, 
range, 

°C 


Coefficient 

of linear 

thermal 

expansion 

X 10« per 

°C 


Element 


Temp. 

or 
temp, 
range, 

°C 


Coefficient 

of linear 

thermal 

expansion 

X 10« per 

°C 




- 78 to 19 
+ 20 to 100 

205 

- 78to0 

0to21 

-160tt>0 


- 172 

- 87 

+ 20 to 50 
100 
500 
1000 

-250 to 

-191 to 16 

to 100 

20 to 300 

20 to 500 

Oto 900 

- 193 to 
to 17 
to 50 
to 95 

- 190 to 20 
+ 20 to 100 
20 to 300 
20 to 500 
27 to 1400 
27 to 2400 

40 


20.3 
22.9 
45.2 . 
42.7 
48.7 

37.3 
43.9 

-0.4 
+0.9 

2.4 

2.0 

3.0 

3.3 

J4.9 
17.0 
19.4 
20.2 
20.7 
22.4 

59.8 
68.2 
70 
71 

6.2 

6.6 

6.6 

6.6 

7.3 : 

7.8 

16.8 


Thallium. 


Oto 100 
to 200 

-216 to 20 
+ 20 to 100 
20 to 300 
20 to 600 

- 183 to 20 
+ 18 to 100 
25 to 200 

- 195 to 20 

+ 20 to 200 

20 to 400 

20 to 600 

20 to 800 

- 190 to 

- 100 to 

to 100 

to 300 

to 650 

27 to 1000 

27 to 1750 

27 to 2400 

- 183 to 
Oto 40 

- 183 to 18 
+ 20 to 100 
20 to 200 
20 to 300 

- 183 to 
Oto 20 

+ 20 to 200 
20 to 400 
20 to 700 


29.4 


Polycrystal- 


Thorium 


30.0 




9.8 


Amorphous. 

Amorphous; 


Tin..... 


11.3 
12.1 
13.7 

15.8 to 22.6 


Silicon . . . . . — . 


Titanium 


23.8 to 27.0 
24 

6.8 


Silver 


Tungsten (wolfram) . . 


8.9 

9.4 

9.9 

10.1 

3.8 
4 2 


Sodium 


4.4 
4.6 
4.6 
4.7 
5.2 
5.8 

6.6 




Zinc£.. 


7.8 

9 to 10 






17 to 40 




30 to 40 
34 to 39 

4 . to 5 1 






4.6 to 5.9 

5.4 

6.1 

7.1 







* The coefficient of cubical expansion of an isotropic solid element may be taken as 3 times the 
coefficient of linear expansion within a high degree of approximation (see Table 4f-3 for measured 
coefficients of cubical expansion of some chemical elements). 

t For references, see "Smithsonian Physical Tables," 9th ed. 

j The coefficients of expansion depend upon the orientation of the constituent crystals. 

If The coefficients of expansion depend upon coarseness of grains and treatment of metal. 
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Table 4f-2. Coefficients of Linear* Thermal Expansion of 
Chemical Elements (Crystals) 



Element 


Temp, or temp, 
range, °C 


Coefficient of linear thermal 
expansion per °C 


Parallel to axis 


Perpendicular 
to axis 


Antimony . . 


-215 to +20 
+ 15 to 25 
to 100 
20 to 200 
20 to 400 

30 to 75 

-150 

+ 10 

18 to 220 
18 to 454 

-140 

+ 30 

20 to 260 
20 to 240 

- 190 to 18 
+ 20 to 100 

-195 to 
to 40 
to 500 
to 1000 
to 1500 
to 2300 
20 to 870 

33 to 100 

- 17 to 9 
4- 23 to 87 

20 to 100 
20 to 200 

-190 to -160 
-188 to -79 
-120 


16.0 X 10~ 6 

15.6 

16.8 


7 X 10^ 6 




8.4 






8.1 


Arsenic 


3.2 to 6.8 

1.6 

8.6 
10.4 
13.1 

15.9 
16.2 
16.5 




Beryllium 


2.8 


Bismuth 


11.7 
15.0 
15.7 

10.5 




11.6 
12.0 


Cadmium 


48.2 
50.4 


18.5 


Carbon: 

Graphite 


18.9 
4.8 






6.6 


Cobalt 


17.2 
18.8 
20.7 
23.1 
26.7 

16.1 

56 
45.0 

26.4 
27.7 

42.6 
47.0 
49.6 


1.3 
1.8 
2.0 
2.4 

12.6 


Indium 


13 


Magnesium 


11.7 
25.6 


Mercury 


26.6 
33.4 




37.5 
37.5 



See page 4-55 for footnote. 
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Table 4f-2. Coefficients of Linear* Thermal Expansion of 
Chemical Elements (Crystals) {Continued) 







Coefficient of linear thermal 


Element 


Temp, or temp. 


expansion per °C 


range, °C 


Parallel to axis 


Perpendicular 
to axis 


Osmium 


+ 50 
250 


5.8 X 10~ 6 
6.6 


4.0 X 10~ 6 




4.6 




500 


8.3 


5.8 


Rhenium 


20 to 1917 


12.4 


4.7 


Ruthenium 


50 
250 


8.8 
9.8 


5.9 




6.4 




550 


11.7 


7.6 


Selenium 


15 to 55 
20 to 60 


-17.9 






74.1 


Tellurium 


20 

20 to 60 


- 1.6 

- 1.7 


27.2 




27.0 


Thallium ,,,,.,... 


32 to 91 

-195 to 20 
0to20 


+72 

25.9 
29.0 


9 


Tin 


14.1 




15.8 




+ 14 to 25 


32.2 


16.8 




34 to 194 


45.8 


25.7 


Zinc 


-190 to 18 
+ 20 to 100 


49.5 
64.0 


11.3 




14.1 




to 250 


56 


15 




20 to 400 


59 


16 


Zirconium 


to 100 


4 


13 







* If there is random orientation of the crystals in a polycrystalline element such as antimony or 
cadmium, the coefficient of linear expansion of the polycrystalline element may be computed from the 
following equation: 

a = Ka|| + 2a_L) 

where a|| is the coefficient of linear expansion of the crystal parallel to its axis, and.a_L is the coefficient of 
linear expansion of the crystal in the direction perpendicular to its axis (see Table 4f-l for measured 
coefficients of linear expansion of polycrystalline elements). 
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Table 4f-3. Coefficients of Cubical Thermal Expansion of 
Chemical Elements 



Element 


Temp. 

or 
temp, 
range, 

°C 


Coefficient 
of cubical 

thermal 
expansion 

X 10« per 
°C 


Element 


Temp. 

or 
temp, 
range, 

°C 


Coefficient 
of cubical 

thermal 
expansion 

X 10* per 
°C 




100 
210 
250 

27 

25 to 650 

to 23 

100 
300 

- 78 to 18 

to 29 . 6 

- 195 to 25 ^ 
+ 10 to 40 

to 100 
to 178 

100 
200 
300 

-273 to 19 
- 195 to 19 

- 79 to 19 , 

to 44 


91 
105 
110 

3.2 

9.1 

291 

35.6 
39.4 

53 
55 

204 to 251 
264 

162 
170 

38.2 
41.9 
46.5 

317 
398 
362 
372 


Potassium 


to 55 
to 38 

to 100 
to 100 

- 186 to 17 

to 53 

to 79 

20 to 95 

-273 to 18 
- 195 to 18 
- 79 to 18 
to 100 
to 100 

80 
140 
190 

50 
200 
300 


240 






270 


Carbon: 


Selenium: 

Compressed. ..... 

Not compressed . . . 

Sodium 


175 




198 
186 


Cobalt '...'' 


Sulfur: 


207 
208 




226 




139 




Crystallized. ..... 


164 
180 




354 
260 




Tin... :.-.-. 






68 ' 


Nickel 


Zinc 


78 
89 

89 
104 
110 
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Table 4M. Coefficients of Linear Thermal Expansion of 
Some Alloys* 



Alloy f 



Aluminum-beryllium, 4 . 2 to 32 . 7 Be 

Aluminum-copper, 9 9 Cu . . 

33.2 Cu 

Aluminum-nickel, 3 . 4 Ni 

19.5 Ni 

Aluminum*silicon, 4-2 to 12.6 Si 

19. 7 Si.... 

40 Si, 4 

Aluminum-zinc, to 50 Zn 

Brass, 3 to 40 Zn . . . . . . . , 

Bronze, 4.2 to 10.1 Sn 

Cast iron .'..■......;.■• . . . .: 

Cobalt-iron-chromium, 53 to 55 . 5 Co, 35 . to 
37.5 Fe, 9.0 to 10.5 Cr 

Copper-beryllium, 3.0 Be . -. ". 

Copper-nickel; 19.5 Ni. 

49;8 Ni. . .:.■■ .;.,,., 

Copper-tin (see Bronze) 



Temp, or temp, 
range, °C 



20 to 100 
20 to 500 

20 to 100 
20 to 300 
20 to 100 
20 to 300 

20 to 100 
20 to 300 
20 to 100 
20 to 300 

20 to 100 
20 to 300 
20 to 100 
20 to 300 
20 to 100 
20 to 300 

20 to 100 

25 to 100 
25 to 300 

25 to 100 
25 to 300 

20 to 100 
20 to 400 



20 to 60 

20 to 100 
20 to 300 

-182 to 
Oto 40 

-182 to 
to 40 



Coefficient! of 

linear thermal 

expansion X 10 6 

per °C 



22.4 to 17.8 
26.6 to 22.2 

22.0 
23.8 
19.7 
20.8 

21.9 
23.7 

18.2 
19.5 

22.2 to 19.4 

24.8 to 22.1 
18.5 

19.0 
14.7 
17.1 

23.6 to 26.5 

16.9 to 19.7 

17.7 to 21.2 

17.1 to 17.8 

17.8 to 19.0 

8.7to 11.1 

11.5 to 12.7 



-1.1 to +1.7 

15.9 to 17; 3 
16.4 to 17.4 

13.0 
14.7 
11.8 
13.7 



See page 4-60 for footnotes. 
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Table 4f-4. Coefficients of Linear Thermal Expansion of 
Some Alloys* {Continued) 



Alloy t 



Temp, or temp, 
range, °C 



Copper-zinc (see Brass) 

Dumet: 

Axial 

Radial 



Duralumin . 



Fernico, 54 Fe, 31 Ni, 15 Co 

Invar, 64 Fe, 36 Ni 

Iron-aluminum, 0.5 to 10.5 Al. . . 

Iron-chromium, 1 to 40 Cr . 

Iron-cobalt 9.9 to 49.4 Co 

Iron-manganese, 2.8 to 14.4 Mn . 



Iron-nickel, 3.6 Ni. 

34.5 Ni 

36 Ni 

40 to 50 Ni 



Iron-nickel-chromium, 6.6 to 74.7 Fe, 1.3 to 70.1 
Ni, 4.9 to 26.7 Cr 



Iron-nickel-cobalt, 62.5 to 64.0 Fe, 30.5 to 34.0 Ni, 

3.5 to 6.0 Co 

61.3 Fe, 31.8 Ni, 6.0 Co. 



58.7 Fe, 32.4 Ni, 8.2 Co. 



Iron-silicon, 1.0 to 8.4 Si. . . 
Kanthal (A, A-l, and D)1f. 

Kovar (see Fernico) 
See page 4-60 for footnotes. 



Coefficient % of 

linear thermal 

expansion X 10 6 

per °C 



20 to 300 
20 to 300 

20 to 100 
20 to 500 

25 to 300 

to 100 

20 to 100 

20 to 100 

30 to 100 

20 to 100 

20 to 100 

20 to 100 

to 100 

30 to 100 



20 to 100 
20 to 1000 



20 

20 to 100 
20 to 240 
20 to 200 
20 to 295 

20 to 100 

20 to 100 
20 to 900 



6.1 to 6.8 

8.0 to 10.0 

21.9 to 23.8 
25.4 to 27.6 

5.0 

to 2 

11.6 to 12 2 
12.4to 9.4 
11.2to 9,3 

12.7 to 16.9 

10.9 
3.7 
to 2 

4.1 to 9.7 



8.7 to 18.4 
13.1 to 20.6 



O.Oto 0.5 

0.9 

2.4 

1.7 

2.6 

12.2 to 11.3 

11.4to 11.7 
13.9 to 15.1 
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Table 4f-4. Coefficients of Linear Thermal Expansion of 
Some Alloys* {Continued) 



Alloyf 



Lead-antimony, 2.9 to 39.6 Sb 

Magnesium-aluminum, 10.4 Al 

30 Al... 

Magnesium-tin, 20.4 Sn 

46.3 Sn. 

Magnesium-zinc, 20 Zn 

50 Zn 

Manganin 

Monel metal 

Nickel-chromium, 20.4 Cr 

47.7 Cr 

Nickel silver, 62.0 to 63.2 Cu, 10.0 to 20.2 Ni, 17.4 
to 27.1 Zn : 

Platinum-iridium, 20 Ir 

Platinum-rhodium, 20 Rh 

SAE carbon steels§ 

SAE stainless chromium irons 

See page 4-60 for footnotes. 





Coefficient:|: of 


Temp, or temp. 


linear thermal 


range, °C 


expansion X 10 6 




per °C 


20 to 100 


28.2 to 20.4 


20 to 100 


25.9 


20 to 200 


27.2 


to 100 


23.7 


to 200 


25.1 


30 to 100 


24.3 


30 to 300 


24.7 


30 to 100 


21.1 


30 to 300 


21.3 


40 to 100 


29.5 


40 to 100 


30.2 


20 to 100 


18.1 


to 400 


18.9 


to 800 


21.1 


25 to 100 


13.5 to 14.5 


25 to 600 


15.9 to 16.7 


20 to 100 


13.0 


20 to 1000 


17.2 


20 to 100 


13.5 


20 to 1000 


17.7 


to 100 


14.8 to 15.4 


to 400 


16.8 to 17.4 


-190 to 


7.5 


to 100 


8.3 


to 1000 


9.6 


to 1600 


10.5 


to 500 


9.6 


to 1000 


10.4 


O'to 1400 


11.0 


20 to 100 


8.8 to 14.4 


20 to 100 


9.4 to 10.7 
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Table 4f-4. Coefficients of Linear Thermal Expansion of 
Some Alloys* (Continued) 



Alloy f 



Speculum metal .... . . 

Stainless steel, 12 Cr 

18 Cr, 8Ni ... . 

Stellite, 55 to SO Co, 20 to 40 Cr, to 10 W, to 2 C 



Tantalum carbide. 

Tungsten carbide +5.9 Co 
4-13.0 Co 

Zinc-aluminum, 22 . 6 Al . . . 
50 Al...:.. 



Temp, or temp, 
range, °C 



20 to 100 
20 to 100 
20 to 100 

20 to 100 
20 to 600 

20 to 2377 

20 to 100 
20 to 400 
20 to 100 
20 to 400 

20 to 100 
20 to 200 
20 to 100 
20 to 200 



Coefficient J of 

linear thermal 

expansion X 10 6 

per °C 



16.0 
10.0 
16.4 

ll.Oto 14.1 
13.6to 16.5 

8.2 

4.5 
5.2 
5.2 
6.0 

26.0 
28.3 
26.5 
27.6 



* For references, see "Smithsonian Physical Tables," 9th ed. 

t Chemical composition is given in per cent by weight. 

% Coefficient of expansion varies with composition and treatment. 

yi Composition of Kanthal: A: 68.5 Fe, 23.4 Cr, 6.2 Al, 1.9 Co, 0.06 C; A-l: 69.0 Fe, 23.4 Cr, 5.7 Al, 
1.9 Co, 0.06 C; D: 70.9 Fe, 22.6 Cr, 4.5 Al, 2.0 Co, 0.09 C. 

§ Coefficients of expansion of other SAE steels (free-cutting, manganese, nickel, nickel-chromium, 
molybdenum^ chromium, chromium-vanadium, and chromium-nickel austenitic steels) are given in 
" Metals Handbook " for the American Society for Metals. 
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Table 4f-5. Coefficients of Linear Thermal Expansion of Some 
Miscellaneous Materials* 



Material 



Alum: 

Ammonium . 
Ammonium 
chrome. . . 
Potassium . . . 
Thallium.... 



Amber. ..... 

Bakelite 

Beryl. 

Brick, clay building . 
Carborundum 



Concrete. 



Dental amalgam. 

Glass: 

Miscellaneous. . 
Pyrex. ....... 



Granites (American) 
Ice 



Magnesia. 



Marble. 



Temp, or 

temp, range, 

°C 



20 to 50 

20 to 50 
20 to 50 
20 to 50 

to 50 

20 to 60 

20 to 100 

10 to 40 

to 500 
to 1000 
to 1800 
13 to 27 
- 13 to 88 

+ 20 to 50 



to 300 
20 to 100 
20 to 300 

- 20 to 60 

-250 
-200 
- 150 
-100 

- 50 


+ 20 to 500 
20 to 1000 

25 to 100 



Coefficient 
of linear 
thermal 

expansion 
X 10« 
per °C 



Material 



9.5 

10.6 
11.0 
13.1 

53 

21 to 2 



Temp, or 

temp, range, 

°C 



Mica, muscovite: 
j| to cleavage 

plane 

JL to cleavage 
planef.. ...... 



Porcelain 
3.0 to 12.4 



7.3 

8.4 

9.2 

6.8 to 12.7 

7.5 to 14.0 



22 to 28 



Mica, phlogopite: 
|| to cleavage 

plane 

_L to cleavage 
plane f 



Quartz, crystalline 
|| to axis 



J_ to axis. 



Quartz, fused (silica) 



0.8 to 12.8 
3.1 to 3.5 
3.0 to 3.6 

4.8 to 8.3 

-6.1 
+0.8 
16.8 
33.9 
45.6 
52.7 

12.4 
13.7 



5 to 16 



Rocks (American): 

Igneous 

Sedimentary 

Metamorphic 



Rubber (hard) J. 
Slate 



Tooth: 

Root 

Across crown. . . 
Root and crown. 



Wood: 

Along grain. . 
Across grain. 



to 100 8.5 



Coefficient 

of linear 

thermal 

expansion 

X 10« 

per°C 



20 to 300 

to 100 
20 to 100 
20 to 200 



to 100 
to 300 
to 500 
to 100 
to 300 
to 500 

20 to 100 
20 to 1000 



20 to 100 
20 to 100 
20 to 100 

IF 

20 to 100 



20 to 50 
20 to 50 
20 to 50 



8 to 25 

13.5 
1 to 179 
1.6 to 19.6 



8.0 
9.6 
12.2 
14.4 
16.9 
20.9 

0,5 
0.5 



3.4 to 11.9 
2.7 to 12.2 
2.3 to 11.0 

50 to 84 

6.3 to8.3 



8.3 

11,4 
7.8 



1 to 11 
32 to 73 



* For references, see "Smithsonian Physical Tables," 9th ed 

t With load of 30 psi. 

t Includes terms "ebonite" and "vulcanite." 

H Various temperature ranges between and 100°C. 
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Table 4f-6. Cubical Expansion of Liquids 
(If Vo is the volume at 0° then at t° the expansion formula is Vt = Fo(l + at + 
pp _j_ 7 j3) The table gives values of «, p and 7 and k, the true coefficient of cubical 
expansion at 20° for some liquids and solutions. At is the temperature range of the 
observation.) 



Liquid 



Acetic acid 

Acetone 

Alcohol: 

Amy! 

Ethyl, 30% by vol 

Ethyl, 50% by vol 

Ethyl, 99.3% vol.. 

Ethyl, 500 atm pressure . . . 

Ethyl, 3,000 atm pressure . . 

Methyl 

Benzene 

Bromine 

Calcium chloride: 

5.8% solution 

40.9% solution 

Carbon disulfide 

500 atm pressure 

3,000 atm pressure 

Carbon tetrachloride 

Chloroform 

Ether 

Glycerin 

Hydrochloric acid, 33.2% solu- 
tion 

Mercury 

Olive oil 

Pentane 

Petroleum, density 0.8467... 
Potassium chloride, 24.3% 

solution 

Phenol 

Sodium chloride, 20.6% solu- 
tion 

Sodium sulfate, 24% solution. 
Sulfuric acid: 

10.9% solution 

100.0% 

Turpentine 

Water 



At, °C 



16 to 107 
Oto 54 

-15 to 80 

18 to 39 

Oto 39 

27 to 46 

Oto 40 

Oto 40 

Oto 61 

11 to 81 

Oto 59 

18 to 25 

17 to 24 
-34 to 60 

Oto 50 
Oto 50 
Oto 76 
Oto 63 
-15 to 38 



Oto 33 
to 100 



Oto 33 
24 to 120 

16 to 25 
36 to 157 

Oto 29 
11 to 40 

Oto 30 

Oto 30 

- 9 to 106 

Oto 33 



10 3 



1.0630 
1.3240 

0.9001 

0.2928 

0.7450 

1.012 

0.866 

0.524 

1 . 1342 

1 . 17626 

1.06218 

0.07878 

0.42383 

1 . 13980 

0.940 

0.581 

1 . 18384 

1.10715 

1.51324 

0.4853 

0.4460 

0.18182 

0.6821 

1.4646 

0.8994 

0.2695 
0.8340 

0.3640 
0.3599 

0.2835 

0.5758 

0.9003 

-0.06427 



10 6 



0.12636 
3.8090 

0.6573 
10.790 
1.85 
2.20 



1.3635 

1.27776 

1.87714 

4.2742 
0.8571 
1.37065 



0.89881 
4.66473 
2.35918 
0.4895 

0.215 
0.0078 
1 . 1405 
3.09319 
1.396 

2.080 
0.10732 

1.237 
1.258 

2.580 
-0.432 
1.9595 
8.5053 



y 10 8 



1.0876 
- 0.87983 

1.18458 
-11.87 
0.730 



0.8741 

0.80648 

0.30854 



1.91225 



1.35135 
1.74328 
4.00512 



- 0.539 
1.6084 



0.4446 



k 10 3 
at 20°C 



071 
1.487 

0.902 



1.12 



1.199 
1.237 
1.132 

0.250 
0.458 
1.218 



1.236 
1.273 
1.656 
0.505 



- 0.44998 

- 6.7900 



0.455 

0.18186 

0.721 

1.608 

0.955 

0.353 
1.090 

0.414 
0.410 

0.387 
0.558 
0.973 
0.207 
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Table 4f-7. Coefficients of Linear Expansion* of 
Some Semiconductors, ( C) -1 



Material 



CdS(||) 

CdS(±).... 
Germanium . 

PbS 



Coefficient f 



PbSe. 
PbTe. 
ZnS.. 



Gray tin. 
Ti0 2 



4 X 10- 6 at 25°C 
6 X 10~ 6 at 25°C 
5.5 X 10-«at25°C 

19 X 10~ 6 at 40°C 



20 X 10~ 6 
27 X 10~ 6 
7 X 10-« 

5.3 X 10~ 6 , 

9 X 10~ 6 



Reference 



-163 to 18°C 



U0 2 . 



11.5 X 10-B 20 to 720°C 



JR. Seiwert, Ann. Physik 6, 241 (1949) 

M. E. Fine, J. Appl Phys. 24, 338 

(1953) 
S. S. Sharma, Proc. hdian Acad. Sci. 

A34, 72 (1951) 

IT. S. Moss, "Photoconductivity, in 
the Elements," pp. 66 and 67, But- 
terworth & Co. (Publishers), Ltd., 
London, 1952 
ASM "Metals Handbook," p. 1070, 
American Society for Metals (1948) 
Von Hippel, Breckenridge, Chesley, 
and Tisza, Ind. Eng. Chem. 38, 1097 
(1946) 
J. Thewliss, Acta Cryst. 6, 790 (1952) 



* Compiled by Mark W. Zemansky, The City College of New York. 

f Temperature or temperature range for coefficients of PbSE, PbTe, ZnS, and Ti02 not indicated in 
the publications cited. 

An approximate relation between the coefficient of volume expansion, 

= (I/17) (dv/dT) P 
and the temperature is given by Griineisen's equation 

C v 







Qo[l - k(E/Qo)V 



(4f-l) 



where C v is the molar heat capacity at constant volume, E is the energy of the lattice 
vibrations, and Qo and k are constants. If the Debye temperature 9 is known, both 
C v and E may be calculated at any value of T from the equations 



C v — 3it 



E 



/.' 



Kir/: 



e/T y *dy 



e y 



1 



B/T 

P e/r _ 



1] 



C v dT 



(4f-2) 
(4/-3) 



Values of C v for many values of B/T are given in Table 4e-3, and values of E in 
Table 4e-4. Thus, if 8, Q , and k are known, can be calculated. Table 4f-8 lists 
the values of 0, Q Qf and k for 24 metals which are consistent with the experimentally 
determined values of /3 measured by Adenstedt, 1 Erfling, 2 and Nix and MacNair. 3 
The values of 9 listed in Table 4f-8 are not in perfect agreement with those deter- 
mined from low-temperature heat capacities. (For the most reliable values of 9 
obtained from low-temperature heat capacities, see Table 4e-7.) 

Another consequence of Gruneisen's theory of the solid state is the approximate 
proportionality of Qo with the melting temperature T m . Values of T m are listed in 
the last column of Table 4f-8. 

1 H. Adenstedt, Ann. Physik 26, 69 (1936). 

2 H. D. Erfling, Ann. Physik 34, 136 (1939); 41, 467 (1942). 

3F. C. Nix and D. MacNair, Phys. Rev. 60, 597 (1941); 61, 74 (1942). 
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Table 4f-8. Constants* in Gr^neisen's Equation fob Thermal Expansion 



Metal 


G, °K 


0o 

kcal/mole 


> 


Tm t °K 


Ag 

Al 


215 
400 
190 
1000 
147 
:220 
430 
490 
315 
420 
330 
390 
280 
400 
88 
300 
230 
350 
201 
180 
252 
200 
450 
310 
235 


108.8 

83.6 
148.8 
106.0 
150.0 

96.0 
277.0 
; 294 
120 
166.7 

85:0 
363.0 
290.5 
151.5 

77.84 
163.7 
221 
229.5 
179.0 
112.0 
292.4 
184.5 
215.5 
471.2 

68.6 


2.42 
' 2.,7 i- - 
3.4 
2.4 
0.5 
3.8 
1.7 
2.0 
2.8 
3.7 
3.3 
3.0 
7.0 
4 

3.19 
0.49 
2.21 
2 5 
0.4 
6.0 

0.2924 
2.0 
6.5 
30.63. 
3.33 


1234 
933 


Au. . . ».. 

Be 


1336 
1623 


Bi .......... 


544 


Ca 


1083 


Cr... .. 

Cu...... ... ,. 

Fe.... 

jSMn." . t - 

Mo..... 


1888 
1357 
1806 
1533 
2893 


Nb 

Ni 


2773 
1725 


Pb 


601 


Pd. 

Pt 


1825 
2042 


Rh 


2233 


Sb 


904 


Sn 


505 


Ta . . 


3278 


Th 


2118 


V 


2008 


W 


3653 


Zn 


693 







* Compiled by Mark W. Zemansky, The City College of New York. 
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* High-temperature thermal conductivities reprinted by permission from the "Smith- 
•onian Physical Tables," 9th ed. 
1 Low-temperature thermal conductivities* 
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Table 4g-2. Thermal Conductivity of Metals and Alloys 



Substance 



Aluminum 

Aluminum 

Aluminum 

Antimony 

Antimony 

Bismuth 

Bismuth. . 

Bismuth 

Brass. ............ 

Brass. ............ 

Brass, yellow 

Brass, red.. 

Cadmium, pure 

Cadmium, pure. . . . 
Cadmium* pure. . . . 

Constantan. 

(60 Cu + 40 Ni)... 

Copper,* pure 

Copper,* pure. 
Copper,* pure. 

German silver 

Gold '. 

Gold 

Graphite 

Iridium. 

Iron.f pure. . . 
Iron.f pure. ...... 

Iron, wrought. . . . . 

Iron, 

poly crystalline . 
Iron, 

polycrystalline . 
Iron, 

polycrystalline . 
Iron, 

polycrystalline . 
Iron, steel, 1 % C . 
Iron, steel, 1 % C . 
Lead, pure. . . . . . . . 

Lead, pure 

Lead, pure. ....... 

Magnesium. 

Manganin 

Manganin (84 Cu 

+ 4 Ni 12 Mn). 

Mercury 

Mercury 



t°C 



-190 

30 

76.4 



100 

-186 

18 

100 

-160 

17 





-160 

18 

100 

18 

100 

-160 

18 

100 



-190 

17 

17 

17 

18 

100 

-160 

30 

100 

200 

800 

18 

100 

-160 

18 

100 

to 100 

-160 

18 

100 



50 



cal cm/ 
sec cm* °C 



0.497 

0.497 

0.550 

0.0442 

0.0396 

0.025 

0.0194 

0.0161 

0.181 

0.260 

0.204 

0.246 

0.239 

0.222 

0.215 

0.0540 

0.0640 

1.079 

0.918 

0.908 

0.070 

0.793 

0.705 

0.037 

0.141 

0.161 

0.151 

0.152 

0.173 

0.163 

0.147 

0.071 

0.108 

0.107 

0.092 

0.083 

0.081 

0.376 

0.035 

0.0519 

0.0630 

0.0148 

0.0189 



+ 0.0030 



-0.00104 



-0.0021 



+ 0.0024 
+0.0015 



-0.00038 



+0.00227 



-0.00013 



Substance 



Molybdenum. 
Nickel 



Nickel 

Nickel. 
Nickel. ...'.. 

Nickel 

Nickel 

Nickel 

Nickel...... 

Palladium. . 
Palladium. . 
Platinum. . . 
Platinum 
Pt 10 % Ir. . 
Pt 10% Rh. 
Platinoid 
Potassium . . 
Potassium. . 
Rhodium. . . 

I Silver, pure. 
Silver. 

-V.VVVV4 



+0.0003 
-0.0005 

-0.0008 



-0.0008 



-0.0001 



-0.0001 



+0.0026 



+0.0055 



Silver 

Sodium 

Sodium. 

Steel 

Tantalum 

Tantalum 

Tantalum 

Tantalum 

Tin... 

Tin....... 

Tin, pure 

Tungsten 

Tungsten 

Tungsten 

Tungsten. 

Tungsten 

Wood's alloy 

Zinc, pure 

Zinc, 

polycrystalline 
Zinc, 

polycrystalline 
Zinc, 

polycrystalline 
Zinc, liquid 



t°C 



17 

-160 

18 



100 

200 

700 

1000 

1200 

18 

100 

18 

100 

17 

17 

18 

5.0 

57.4 

17 

-160 

18 

100 

5.7 

88. 

18 

17 

1700 

1900 

2100 



100 

-160 

17 

1600 

2000 

2400 

2800 



-160 



200 

400 
500 



cal cm/ 
sec cm* °C 



0.346 

0.129 

0.1420 

0.1425 

0.1380 

0.1325 

0.069 

0.064 

0.058 

0.1683 

0.182 

0.1664 

0.1733 

0.074 

0.072 

0.060 

0.232 

0.216 

0.210 

0.998 

1.006 

0.992 

0.321 

0.288 

0.110 

0.130 

0.174 

0.186 

0.198 

0.155 

0.145 

0.192 

0.476 

0.249 

0.272 

0.294 

0.313 

0.319 

0.278 

0.280 

0.250 

0.231 
0.144 



-0.0001 

-0.00032 
-C. 00095 
-0.00047 
+0.0010 

+0.00051 

+0.0002 
+0.0002 

-0.0013 
-0.0010 

-0.00017 
-0.0012 

-0.0001 

+0.00032 
0.00069 

-0.0001 
+0.00023 

+0.00016 



The coefficient k is the quantity of heat in small calories which is transmitted per second through a 
plate 1 cm thick per square centimeter of its surface when the difference of temperature between the 
two faces of the plate is 1°C. The coefficient k is found to vary with the absolute temperature of the plate, 
and is expressed approximately by the equation kt = ko[l + a(t — to)], ko is the conductivity at to, the 
lower temperature of the bracketed pairs in the table, kt that at temperature t, and o is a constant. 

* Copper: 100 to 197°C, kt - 1.043; 100 to 268°, 0.969; 100 to 370°, 0.931; 100 to 541°, 0.902. 

f Ircn: 100 to 727°C, kt - 0.202; 100 to 912°, 0.184; 100 to 1245°, 0.191. 
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Table 4g-3. Thermal Conductivity of Insulating Materials* 



Material 



Density 

g/cm 3 



Air, 76 cm Hg 

Asbestos wool . 

Asbestos wool 

Asbestos wool 

Asbestos with 85% MgO. 

Brick, very porous, dry 

Brick, machine-made, dry 

Brick, machine-made, moist, 

1.2% vol..... 

Calorox, fluffy mineral matter . 

Celluloid, white 

Cement mortar 

Chalk 

Charcoal 

Coke dust 

Concrete 

Cork. 

Cork.: 

Cork . 

Cork . ■ •. 

Cotton, tightly packed 

Cotton, tightly packed 

Cotton, tightly packed 

Cotton wool, tightly packed . . . 
Diatomite (binders may 

increase 100%) 

Diatomite (binders may 

increase 100%) 

Diatomite (binders may 

increase 100%) . 

Diatomite (binders may 

increase 100%) 

Ebonite 

Ebonite. 

Ebonite 1 ... . 

Felt, flax fibers 

Felt, hair 

Felt, wool 

Felt, wool 

Flannel. 

Fuller's earth 

Glass, lead 

Glass, soda 

Glass, soda 



0.00129 

0.40 

0.40 

0.40 

0.3 

0.71 

1.54 



0.064 

1.4 

2.0 



0.18 

1.0 

1.6 

0.05 

0.05 

0.35 

0.35 

0.08 

0.08 

0.08 

0.08 

0.20 

0.20 

0.50 

0.50 
1.19 
1.19 
1.19 
0.18 
0.27 
0.15 
0.33 



0.53 



t°C 



Conductivity 



2.59 
2.59 





-100 



+ 1Q0 

30 

20 



50 
30 
30 
90 

20 

20 





100 



100 

-150 



+ 150 

30 



400 



400 

-190 

- 78 



30 

30 

40 

30 

30 

15 

20 

100 



watt cm 
cm 2 °C 



0.00023 
0.00068 
0.00090 
0.00101 
0.00075 
0.00174 
0.00038 

0.00096 

0.00032 

0.00021 

0.0055 

0.0092 

0.00055 

0.0015 

0.008 

0.00032 

0.00041 

0.00061 

0.00079 

0.00038 

0.00056 

0.00076 

0.00042 

0.00052 

0.00094 

0,00086 

0.00157 
Q. 00138 
0,00157 
0.00160 
0.00047 
0.00036 
0.00063 
0.00052 

0.00101 
0.0060 
0.0072 
0.0076 



cal cm 
sec cm 2 °C 



0.000055 

0.000162 

0.000215 

0.00024 

0.000179 

0.00042 

0.000091 

0.00023 

0.000076 

0.000050 

0.0013 

0.0022 

0.00013 

0.00036 

0.002 

0.000076 

0.000098 

0.000146 

0.000189 

0.000091 

0.000133 

0.00018 

0.00010 

0.00012 

0.00022 

0.00021 

0.00037 

0.00033 

0.00038 

0.00038 

0.00011 

0.000086 

0.000151 

0.000124 

0.000023 

0.00024 

0.00143 

0.00172 

0.00182 



* Compiled from tht " Xnttrnational Critical Tablas"; ie« original for more ooropUt* data. 
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Table 4g-3. Thermal Conductivity of Insulating Materials (Continued) 



Material 



Glass, wool 

Glass, wool . j . ... . 

Glass, wool . . . . . . . 

Glass, wool ...- . . 

Graphite, 100 mesh 

Graphite* 40 mesh .....:..... 

Graphite* 20 to 40 mesh . . . . . 

Horsehair, compressed. . .. ... . 

Ice 

Leather, chamois .... . 

Leather, cowhide . 

Leather, sole 

Linen. .-,* ................. v. 

Linoleum, cork ........... 

Mica, average -..;■-... 

Micanite. •.'. 

Mineral wooL ; , . ■.•■. 

Mineral wool. ......... ; .. -i k :.. 

Paper, rice. .:.• l . . 

Paper, blotting . ......;.*.... 

Paraffin wax.. ........ .- .... 

Peat, dry . . . . > i . . i . 

Peat, blocks. . ... ; v-. »;. 

Porcelain : . 

Rocks: 

Basalt. i . 

Chalk....: •,... 

Granite.. 

Limestone, very variable. 
Slate, _L to cleavage ....... 

Slate, || to cleavage. .... . . . 

Sandstone, air-dried. .... 

Sandstone, freshly cut ...... 

Rubber, rigid sponge, hard 

Rubber, sponge, vulcanized 

Rubber, commercial, 40% rub- 
ber. . . 

Rubber, commercial, 92% rub- 
ber. ....- 

Sawdust. . ... 

Shellac. 

Silk ., 

Silk scrap from spinning mill . . 

Silk scrap from spinning mill . . 



Density 
g/cm 3 



0.22 
0.22 
0.22 
0.22 
0.48 
0.42 
0.70 
0.17 
0.92 



1.0 
0.54 



15 
0.30 



0.89 
0.19 
0.84 



2.8 
2.0 



2.2 
2.3 
0.09 
0.22 



0.20 



0.10 
0.10 



t°C 



Conductivity 



watt cm 
cm 2 °C 



50 

100 

200 

300 

40 

40 

40 

20 



85 

85 

30 

20 

20 

50 

30 

30 



40 
20 
30 
30 
20 
90 

20 



20 
95 
95 
20 
20 
25 
20 

25 

25 
30 



-200 
-100 



0.00042 
0.00050 
0.00065 
0.00081 
0.0018 
0.0038 
0.0129 
0.00051 
0.022 
0.00063 
0.00176 
0.0016 
0.00086 
0.00080 
0.0050 
.0021-0.0042 
0.00042 
0.00052 
0.00046 
0.00063 
0.0023 
0.00052 
0.0017 
0.0104 

0.020 

0.0092 

0.022 

0.010 

014 

0.025 

013 

0.017 

0.00037 

0.00054 

0.0028 

0.0016 

0.00060 

0.0023 

0.00040 

0.00023 

0.00037 



cal cm 
sec cm 2 °C 



0.000100 
0.000120 
0.000155 
0.000195 
0.00044 
0.00093 
0.0031 
0.000122 
0.0053 
0.000151 
000421 
0.00038 
0.00021 
0.000191 
0.0012 
.000050-0.00010 
00010 
00012 
0.00011 
0.00015 
0.00055 
00012 
00041 
0.0025 

0.0048 

0.0022 

0.0053 

0.0024 

0.0033 

0.0060 

0.00031 

0.00041 

0.000088 

0.00013 

0.00067 

0.00038 

0.000143 

0.0006 

0.00010 

0.000055 

0.000088 
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Table 4g-3. Thermal Conductivity of Insulating Materials (Continued) 



Material 



Density 
g/cm 3 



t°C 



Conductivity 



watt cm 
cm 2 °C 



cal cm 
sec cm 2 °C 



Silk scrap from spinning mill . . 
Silk scrap from spinning mill . . 

Snow 

Steel wool. 

Steel wool. . 

Woods: 

Ash X to grain 

Ash || to grain 

Balsa J_ to grain .....' 

Boxwood. 

Cedar X to grain 

Cypress X to grain 

Fir X to grain 

Fir || to grain 

Lignum vitae 

Lignum vitae 

Mahogany, X to grain 

Mahogany, || to grain 

Oak, X to grain 

Oak, || to grain 

Pine, pitch, X to grain. 

Pine, Virginia, X to grain. . . 

Pine, white, X to grain 

Pine, white, || to grain .... . . 

Spruce, ± to grain 

Teak, X to grain 

Teak, || to grain 

Walnut, X to grain . . ; 

Wool, pure. 

Wool, pure, very loose packing 



0.10 
0.10 
0.25 
0.15 
0.08 

0.74 
0.74 
0.11 
0.90 
0.48 
0.46 
0.54 
0.54 
1.16 
1.16 
0.70 
0.70 
0.82 
0.82 




50 


55 
55 

20 
20 
30 
20 



0.55 
0.45 
0.45 
0.41 
0.64 
0.64 
0.65 
0.09 
0.04 



30 
20 
20 
20 
100 
20 
20 
15 
15 
30 
30 
60 
60 



15 
15 
20 
30 
30 



0.000495 

0.00056 

0.0016 

0.00080 

0.00090 

0.0017 

0.0031 

0.00045 

0.0015 

0.0011 

0.00096 

0.0014 

0.0035 

0.0025 

0.0030 

0.0016 

0.0031 

0.0021 

0.0036 

0.0015 

0.0014 

0.0011 

0.0026 

0.0011 

0.00175 

0.0038 

0.0014 

0.00036 

0.00042 



0.000118 

0.000134 

0.00038 

0.000191 

0.00022 

00041 

0.00074 

000084 

0.00036 

0.00027 

00023 

0.00033 

0.00081 

0.00060 

0.00072 

0.00038 

0.00074 

0.00050 

0.00086 

0.00036 

0.00033 

0.00026 

0.00062 

0.00026 

0.00042 

0.00091 

0.00033 

0.000086 

0.00010 



Table 4g-4. Thermal Conductivity of Water* 



Temp., 


k, 


Temp., 


k, 


Temp., 


k, 


°C 


10-* watt/cm °C 


°c 


10-* watt/cm °C 


°C 


10" 5 watt/cm °C 





554 


100 


680 


200 


666 


10 


576 


110 


684 


210 


659 


20 


598 


120 


686 


220 


652 


30 


615 


130 


687 


230 


644 


40 


630 


140 


686 


240 


635 


50 


643 


150 


685 


250 


624 


60 


654 


160 


682 


260 


614 


70 


665 


170 


680 


270 


602 


80 


671 


180 


676 


280 


590 


90 


676 


190 


672 


290 


576 


100 


680 


200 


666 


300 


564 



* E. Schmidt and W. Sellschopp, Forach, Oebiete Ingenieurw. 3, 277-286 (1932). 



THERMAL CONDUCTIVITY 
Table 4g-5. Thermal Conductivity of Organic Materials 
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Substance 


°C 


kt, 

cal cm/ 

sec cm 2 °C 


Substance 


°C 


kt, 

cal cm/ 

sec cm 2 °C 


Substance 


°C 


kt, 

cal cm/ 

sec cm 2 °C 


Acetic acid 


9-15 

11 
11 




9-15 


0.0a472 

0.0s52 

0.0s46 

0.0.345 

0.0a434 

0.0«333 


'Carbon disulfide 

Chloroform 

Ether 




9-15 

9-15 

25 

13 
13 


0.0»387 
0.0 8 288 
0.0g303 
O.O368 

0.0 8 355 
0.0 3 325 


Olive 




03395 


Alcohols: 






0j425 


Methyl 


Toluene 

Vaseline 



25 



0.0 3 349 

0.0344 

0.03343 


Ethyl 


Glycerin 

Oils: 

Petroleum . . . 

Turpentine . . . 


Amyl 















Substance 


Temp., 
°C 


Conductivity 

at 1 atm 

watt cm/cm 2 °C 


Substance 


Temp., 
°C 


Conductivity 

at 1 atm 

watt cm/cm 2 °C 


Normal pentane 

Sulfuric ether 

Acetone 


30 
75 

30 
75 

30 
75 


1.347 X 10" 3 
1.285 

1.377 
1.347 

1.795 
1.687 


Carbon disulfide 

Petroleum ether 


30 
75 

30 
75 

30 
75 


1.599 X 10"' 
1.515 

1.306 
1.264 

1.494 
1.394 







Table 4g-6. Thermal Conductivity of Gases 

The conductivity of gases, kt = 1(9? — 5)mC«, where 7 is the ratio of the specific heats, C P /C V , and M 
is the viscosity coefficient (Jeans, "Dynamical Theory of Gases," 1916). Theoretically kt should be 
independent of the density and has been found to be so by Kundt and Warburg and others within a wide 
range of pressure below 1 atm. It increases with the temperature. 



Gas 


t°C 


k t , 10" 6 

cal cm/ 

sec cm 2 °C 


Gas 


t°C 


h, 10-' 

cal cm/ 

sec cm 2 °C 


Gas 


t°C 


k h 10" 5 

cal cm/ 

sec cm 2 °C 


Air* 

Air 

Air 

A 


-191 



100 

-183 



100 



- 78 




1.80 
5.66 
7.19 
1.42 
3.88 
5.09 
5.42 
2.19 
3.32 


C0 2 

C 2 H 4 . . . . 

He 

He 

He...... 

H 2 

H 2 

H 2 

CH 4 


100 



-193 



100 

-192 



100 




4.96 
3.95 
14.6 
34.4 
39.8 
13.3 
41.6 
49.9 
7.20 


Hg 

N 2 ...... 

N 2 

N 2 

o 2 

2 

o 2 

NO 

N 2 


203 

-191 



100 

-191 



100 

8 




1.85 

1.83 

5.68 

7.18 

1.72 

5.70 

7.43 

4.6 

3.53 


A 


A 


CO 

C0 2 

C0 2 .. .... 



* Air: ko =- 5.22 (10"*) cal cm"' sec"* °C-»; 5.74 at 22°; temp. coef. 



- 0.0029. 
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Table 4g-7. Thbkmal Conductivity of Cubic Crystals* 



Crystal 


Temp, 


Thermal conductivity, 


°C 


10~ 4 cal cm /sec cm 2 °G 


AgCl 





26 


BaF 2 ... 


52 


27.1 




38 


170 




68 


140 


CaF 2 . . . . ■'..';■ 


-190 
-78 


932 




360 







246.8 




36 


232 


CsBr... . . :.. 


100 
45 


191.0 




22 




65 


26 


KBr 



46 


87 




115 


KC1... . . . 


-252 
-250 


1400 




U70 




-190 


502 




-78 


248.5 







166.5 




42 


156 




72 


153 




100 


117.6 


KI..... 


-190 
-78 


303 




(HO) 







73.1 




25 


(65) 




100 


(50) 


LiF (vacuum grown) 


34 


280 


LiF (air grown) 


36 


249 


LiF. , f 


105 
249 


61.3 




93.2 




384 


122.0 




499 


138. 


MgO ......... 


-78 


930 







830 




25 


800 




34 


290 




72 


340 




100 


700 


NaCl , . .. 


-190 
-78 


636 




249.5 







166.7 




35 


147 




70 


130 




100 


115.9 



* For references see Alexander Smakula, " Physical Properties of Optical Crystals,' 
PB No. 111053, 1952. 
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Table 4g-7. Thermal Conductivity of Cubic Crystals (Continued) 



Crystal 



NaCl (from melt) . . . 
NaCl (from solution) 

NaF 

TIBr 

T1C1 

KRS-5 

KRS-6 

MgOAl 2 3 (spinel).. 



Thermal conductivity, 
10" 4 cal cm/sec cm 2 °C 



809 
213 
902.5 
902.5 
228 
1,240 
252 
220 

19 

23 

21.3 

17.1 
330 
260 

80 
100 
150 



Table 4g-8. Thermal Conductivity of Noncubic Crystals* 



Crystal 


Temp., °C 


Parallel to c axis, 


Perpendicular to 


c axis, 






10~ 4 cal cm /sec cm 2 °C 


10~ 4 cal cm/sec cm 2 °G 


Al 2 OsJ (sapphire) 


105 
249 
384 
499 




61.3 
93.2 

122 

138 




CaCG 3 (calcite) 


-190 
-78 


730 


440 
137.7 









129 


102 






25 




98 






100 




85.2 




SiO 2 (crystalline quartz) 


-252 
-250 




6,800 
5,100 






-190 


1,170 


586 






-78 


467 


240.9 









325 


173.1 






100 


215 


133.3 






145 


174 








236 


153 








260 




89 






308 


137 








383 




104 






468 




106 






475 


123 







* References foi -this table may be found in Alexander Smakula, "Physical Properties of Optical 
Crystals," O.T.S. Document PB No. 111053, 1952. ^ 
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Table 4g-9. Thermal Conductivity of S1O2 (Fused Quartz) 

Thermal conductivity 

Temp. t °C k, 10 -4 cat cm/ sec cm 2 °C 

-270.7 1.5 

-268.2 2.7 

-263.2 2.8 

-253.2 3.5 

-233.2 5.8 

-213.7 9.0 

-193.2 14.2 

- 78 22.7 

35.2 

41 28.2 

60 33.0 

120 34.1 

180 35.3 

240 36.4 



Table 4g-10. Diffusivities 



Material 



Aluminum 

Antimony 

Bismuth 

Brass (yellow) 

Cadmium 

Copper 

Gold... 

Iron (wrought, also mild 

steel) 

Iron (east, also 1% carbon 

steel) 

Lead 

Magnesium 

Mercury . . 

Nickel 

Palladium 

Platinum 

Silver . 

Tin 

Zinc 

Air 1 atm 

Asbestos (loose) 

Brick (avg fire) 

Brick (avg building) 



Diffusivity, 
cm 2 /sec 



0.860 
0.135 
0.069 
0.339 
0.467 
1.140 
1.209 

0.173 

0.121 

0.245 

0.932 

0.45 

0.155 

0.261 

0.243 

1.700 

0.407 

0.413 

0.179 

0.0025 

0.0052 

0.0044 



Material 



Coal. 

Concrete (cinder) 

Concrete (stone) 

Concrete (light slag) 

Cork (ground 

Ebonite 

Glass (ordinary) 

Granite 

Ice v 

Limestone 

Marble (white) 

Paraffin 

Rock material (earth avg) . 
Rock material (crustal 

rocks) ;..... 

Sandstone 

Snow (fresh) 

Soil (clay or sand, slightly 

damp) 

Soil (very dry) 

Water 

Wood (pine, cross grain) . . . 
Wood (pine with grain) 



Diffusivity 
cm 2 /sec 



0.002 

0.0032 

0.0048 

0.006 

0.0017 

0.0010 

: 0057 

0.0127 

0.0112 

0.0081 

0.0097 

0.00098 

0.0118 

0.0064 
0.0113 
0.0033 

0.005 

0.0031 

0.0017 

0.00068 

0.0023 



The diffusivity of a substance = h* = Jc/cp, where k is the thermal conductivity, c the specific heat, 
and p the density. The values are mostly for room temperature, about 18°C. 
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Table 4g-ll. Thermal Conductivity — Liquids, Pressure Effect* 



No.f 



l 

2 

3 

4 

5 

6 

7 

8 

9 

10 

11 

12 

13 

14 

15 



Liquid 



Methyl alcohol 

Ethyl alcohol 

Isopropyl alcohol. . . 
Normal butyl alcohol 
Isoamyl alcohol. .... 

Ether ..', 

Acetone. 

Carbon bisulfide .... 

Ethyl bromide 

Ethyl iodide 

Water ",'• 

Toluol 

Normal pentane. . . . 
Petroleum ether. 
Kerosene. . . 



Con- 
ductivity 

at 
kg/cm 2 

(cgs) 



0.000505 

0.000493 

0.000430 

0.000416 

0.000367 

0.000363 

0.000400 

0.000391 

0.000354 

0.000348 

0.000329 

0.000322 

0.000429 

0.000403 

0.000382 

0.000362 

0.000286 

0.000273 

0.000265 

0.000261 

0.00144 

0.00154 

0.000364 

0.000339 

0.000322 

0.000307 

0.000312 

0.000302 

0.000333 



Conductivity relative to unity (0 kg/cm 2 ) as function 
of pressure in kg/cm 2 



1,000 2,000 4,000 6,000 



201 
212 
221 
233 
205 
230 
181 
218 
184 
207 
305 
313 
184 
181 
174 
208 
193 
230 
125 
148 
058 
065 
159 
210 
281 
319 
266 
268 
185 



342 
365 
363 
400 
352 
399 
307 
358 
320 
348 
509 
518 
315 
325 
310 
366 
327 
390 
232 
265 
113 
123 
286 
355 
483 
534 
460 
466 
314 



557 
601 
574 
650 
570 
638 
495 
559 
524 
557 
800 
814 
511 
554 
512 
607 
517 
609 
394 
442 
210 
225 
470 
573 
777 
855 
752 
780 
502 



724 
785 
744 
845 
743 
812 
648 
720 
686 
724 
009 
043 
659 
738 
663 
789 
657 
772 
509 
570 
293 
308 
604 
738 
987 
112 
970 
026 
654 



8,000 10,000 



.864 
.939 
.888 
.007 
.894 
.962 
.780 
.859 
.828 
.868 
.177 
.231 
.786 
.891 
.783 
.935 
.768 
.907 
.592 
.671 
.366 
.379 
.716 
.872 
.163 
.335 
.143 
.232 
.792 



1.986 
2.072 
2.014 
2.152 
2.028 
2.093 
1.900 
1.985 
1.955 
1.998 
2.322 
2.394 
1.900 
2.024 
1.880 
2.054 
1.858 
2.022 
1.662 
1.757 
1.428 
1.445 

1.987 
2.325 
2.543 
2.279 
2.409 
1.925 



2.043 
2.133 
2.070 
2.217 
2.091 
2.154 
1.955 
2.043 
2.013 
2.063 
2.388 
2.469 



12,000 



2.097 
2.191 
2.122 
2.278 
2.150 
2.211 
2.008 
2.099 
2.069 
2.126 
2.451 
2.537 



Freezes 



2.083 


2.137 


1.923 


1.962 


2.107 


2.154 


1.895 


1.928 


2.073 


2.121 


1.694 


1.724 


1.799 


1.837 


1.456 


Freezes 


1.476 


1.506 


(2.394*) 




2.039 


2.089 


2.404 


2.481 


2.642 


2.740 


2.333 


2.379 


2.488 


2.561 


1.990 


2.054 



* P. W. Bridgman, Proc. Am. Acad. Arts Set. 59, 158 (1923). 

t 1, 2, 6, 8, 12, 13, extreme purity; 3, 4, 5, 7, 9, 10, 11, very pure; 14, 15, commercial. 

j Toluol freezes at 9,900 kg/cm 2 at 30°. The figure at 1 1,000 is for the solid. 
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Table 4g-12. 


Thermal Conductivity of Optical Materials* 


Material 


Temp., 

°.c 


cal/sec cm °C 


Material 


Temp., 
°C 


cal/sec cm °C 


Barium fluoride 


-49 


4.8 X 10"* 


Cesium bromide 


-49 


2.9 X 10" 8 




-38 


4.0 




-23 


2.4 




-14 


3.2 




+25 


2.3 




+ 13 


2.8 




45 


2.2 




32 


2.6 




98 


2.0 




63 


2.5 










95 


2.5 








Cesium iodide 


8 


2.8 X 10"» 


Fused silica 


-49 


3.1 X 10"« 




25 


2.7 




-24 


3.0 




40 


2.65 




+ 14 


2.85 




59 


2.6 




42 


2.8 




90 


2.5 




104 


2.8 


Sodium chloride 


-37 


1.8 X. 10-'* 


Spinel 


-29 


4.1 X 10~* 




-30 


1.7 




-21 


3.7 




+ 16 


1.55 




+6 


3.0 




35 


1.5 




21 


2.8 




70 


1.3 




68 


2.6 




98 


1.2 




100 


2.5 


Arsenic sulfide glass 


10 


3.9 X 10"< 


Rutile: 








22 


4.3 


|| to optic axis 


16 


2.8 X 10"* 




42 


4.8 




36 


3.0 




57 


5.2 


J. to optic axis 


18 


2.1 




80 


6.0 




44 


1.8 




90 


6.2 










102 


6.4 








Thallium bromide iodide 


-37 


1.1 x io-» 


Thallium bromide chloride 


-31 


1.1 X io-» 


(KRS-5) 


-18 


11 


(KRS-6) 


-20 


1.1 







1.2 




+ 11 


1.2 




20 


1.3 




24 


1.4 




36 


1> 




56 


1.7 




54 


2.1 




98 


2.2 




99 


3.8 








Sapphire :f 






Ammonium dihydrogen 






|| to optic axis 


21 


6.0 X 10"* 


phosphate: 








50 


5.0 


|| to optic axis 


46 


1.7 X 10"» 


_L to optic axis 


21 


5.5 




66 


1.7 




49 


4.5 


_L to optic axis 


40 
69 


3.0 
3.2 



* Measured by S. S. Ballard and K. A. McCarthy, Rev! Sci. Instr. 21, 905 (1950) ; /. Opt. Sac. Am. 41 
1062 (1951). ' 

t See also J. L. Weeks and R. L. Seifert, J. Am. Ceram. Soc. 35, 15 (1952). 



Table 4g-13. Thermal Conductivity of Some Semiconductors 
(At room temperature unless noted) 



Material 


Conductivity, 
cal/sec cm °C 


Reference 


Germanium 


0.14, 25°C 
0.11, 100°C 
0.20 
0.0016 
0.01 

0.012 

0.03 

See references 


A. Grieco and H. C. Montgomery, Phys. Rev. 
86, 570 (1952) 
1948 "Metals Handbook" 


Silicon 


PbS 


Lees, Phil. Trans. A191, 399 (1938) 


PbSe 


E. H. Putley, Proc. Phys. Soc. (London) B66, 

991 (1952) 
E. H. Putley, Proc. Phys. Soc. (London) B67, 

(1954) 
H. P. R. Frederikse, NBS 


PbTe 


Mg2Sn 


C (graphite) 


A. W. Smith, Phys. Rev. 96, 1095 (1954); R„ 




Berman, Proc. Phys. Soc. (London), A66, 
1029 (1952) 



0) 

o 

V) 

1 

> 
I- 
O 



z 
o 
o 



< 
s 



10 
5 

2 

10 
5 

2 

I 
5 

2 

io-' 

5 



10 



f2 



10 



>-3 

















£ : ; i 




^ 
















<£r 












'.' ■■> 














: :* 


Ji 


¥ 














f 




































&*^ 












A 


W^ 






























n; : 


^^ 












■ c 
















,/\ 




















r.^S 














6}^^ 






, 



100 



200 



2 5 10 20 50 

TEMPERATURE, °K 
Fig. 4g-l. Typical curves showing low-temperature dependence of thermal conductivity. 

It is generally assumed- that thermal conductivity is not a function of temperature 
gradient but is a function of temperature itself . It also is assumed that the conduc- 
tivity is not size- or shaker-dependent, thdugh this last is not strictly true for dielectric 
crystals at very low temperatures. Five representative curves are given in Fig. 4g-l, 
showing the temperature dependence of a typical metal, nonferrous alloy, ferrous 
alloy, dielectric crystal, arid disordered dielectric. Impurities in the metals or dielec- 
tric crystals will cause a lowering or removal of the maximum in the conductivity. 
The values of thermal conductivity given in the following tables are expressed in the 
unit watts /cm deg Kelvin. : 

The thermal conductivity of scilids at liquid helium (4.2°K), liquid hydrogen (20°K), 
liquid nitrogen (76°K), solid CO* (194°K), and ice (273°K) temperatures are given in 
Tables 4g-14 to 4g-17. The values of conductivity for solids are broken up into four 
main groups: metals, alloys, dielectric crystals, and disordered dielectrics. The 
numbers marked with an asterisk are extrapolated. The author references and more 
exact values may be obtained by referring to National Bureau of Standards Circular 
556. Three survey references to literature and data in this field are: 

Berman, R.: The Thermal Conductivity of Dielectric Solids at Low Temperatures, 

Adv. Physics (suppl. to Phil. Mag.) 2, 103-140 (1953). 
Olsen, J. L., and H. M. Rosenberg: The Thermal Conductivity of Metals at Low 

Temperatures, Adv. Physics 2, 28-66 (1953). 
Powell, R. L., and W. A. Blanpied, The Thermal Conductivity of Metals and 

Alloys at Low Temperatures, Published as Natl. Bur. Standards (U.S.) Circ. 556, 

1954. 
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Table 4g-14. Thermal Conductivity of Metals in Watts/cm °K 



Metal 


4.2°K 


20°K 


76°K 


194°K 


273°K 


Al 


32.0 
0.072 

11.6 

0.0021 

0.0048 

0.54 
20.5 
24.0 

0.535 
17.5 

8.45 

5.45 

0.77 
16.0 

0.0037 

5.1 

1.72 

0.660 

0.94 

0.043 

0.36 

9.4 

2 7 

144.3 
31.5* 
0.225 

8.95 

74.0 
0048 
0.718 
0.046 
0.0135 

113 
0.127 


57.0* 

0.386 
39.5* 

0.996 

2.5 

0.142 

0.0189 

2.30 
54.9 

6.3 

4.45 
15.1 

1.83 
19.0 , 

3.01 

0.575 ; 

5.5* 

0.0175 
13.8 

2.8 

3.61 

0.312 

1.85* 

4.6 

11.2 
51.0 

5.5 

0.629 

0.711 
2.3 
0.23 
54.5 
0.151 
0.0619 
7.3 
0.461 


4.2 

0.532* 
17.5 
0.270 
1.14 
1.95 

6.3 

2.3 
3.5 

'1.80 
0.47 
0.94 

2.03 

0.415* 

2.15 

D.75 

0.471 

0.795 

0.835 

5.2 

1.55 

0.599 

0.034* 

0.645* 

0.86* 

2.6 
0.231 

1 53 


2.39 

0.296 

1.32 

0.119 

1.05 

2.8 

4.3 

3.12 

0.89 

0.396 

0.74 

0.345 

1.38 

0.78 

0.700 

4.2 
1.22 

0.0215 

0.531 

0.72 

1.78 
0,2$7 

1.40 


2.38* 


Sb ■■.:'.' 


0.245 


Be . . .'. 


1.57 


Bi 


0.112 


Cd 


1.05 


C (graphite) 

Ce 


2.51 


Co 




Cu 


4.16 


Ga 




Ge 




Au... 


3.11 


In 




Ir 




Fe 


0.82 


Pb 


0.350 


Li 


0.702 


Mn 




Mg 


1.72 


He 




Mo 


1.38 


Ni .'..-. 


0.76 


Nb 




Pd ...... 




Pt.. 


0.699 


K. 


0.990 


Rh. . . . . 




Ag 


4.17 


Na. . . . 


1.40 


Ta 

Te.... .; 

Tl 

Sn ;.-... 


0.018 
0.506 
0.666 


Ti 




w 


1.69 


u 


0.286 


v. 




Zn.... 


1.25 


Zr.. 


1 



* Extrapolated. 
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Table 4g-15. Thermal Conductivity of Alloys in Watts/cm °K 



Alloy 



Aluminum : 

Duralumin 

J51 

4S 

75S 

24S 

Copper: 

Brass 

Coiistantan 40% Ni. . 

Cu-Au 50.1% Au 

Cu-Ni 10% Ni... .... 

German silver 

Manganin , 

Platnoid. . . . 

Silver bronze 

Ferrous : 

Carbon steel SAE 1020 

Stainless 

Nickel: 

Contracid 

Inconel. 

Monel. . . . . ........... 

^Extrapolated. 



4.2°K 



20°K 



0.0091 

0.013 
0.013 



0.012 

125 
0.0027 



0.0051 
0.009 



0.300 



76°K 



194°K 



0.088 
0.42 
155 
0.158 



0.052 

0.200* 
0.0205 

0.0154 

0.041 

0.072 



0.91 
2.41 
0.79 
0.63 
0.575 



0.190 
1.05 
0.38 
0.168 



0.58 
0.082 

0.072 
0.118 
0.167 



2.00 
1.22 
1.04 
0.99 

0.92 
0.225 



0.207 
0.170 
0.200 



0.651 
0.125 

0.095 
0.134 
197 



273°K 



2.10 
1.49 

1.11 

1.05 
0.239 



0.235 
0.209 
0.245 



0.645 
0.140 

0.113 
0.150 
0.219 



Table 4g-16. Thermal Conductivity op Dielectric Crystals in Watts/cm °K 



Crystal 


4.2°K 


20°K 


76°K 


194°K 


273°K 


Alumina. ......... 


0.00495 

0.0026 

0.76 

1.22 

2.74 

4.20 

1.13 


0.232 
0.155 

16.0 
0.488 
1.30 
7.6 

35.0 


1.5 
2.80 

34.0 
0, 140 
0.370 
0.66 

10.9 


0.46 
8.6 




Beryilla 




Diamond 


6.59 


KBr 


KC1. . .. 




Quartz 




Sapphire 









Table 4g-17. Thermal Conductivity of Disordered Dielectrics in mw/cm °K 



Dielectric 



Perspex. . . . . 
Phoenix glass 

Pyrex 

Quartz glass . 

* Extrapolated. 



4.2°K 



0.575 
0.92 



1.02 



20°K 



0.74 
1.51 

1.60 



76°K 



3.7 

4.6* 
4.85 



194°K 



8.75 



273°K 



10.2 



4h. Thermodynamic Properties of Gases 

JOSEPH HILSENRATH 
The National Bureau of Standards 



The Thermodynamic Properties of Air, Argon, Carbon Dioxide, Hydrogen, Nitro- 
gen, Oxygen, and Steam. Tables 4h-3 through 4h-37 are an abridged version of a 
collection of tables computed and published at the National Bureau of Standards. 1 
The tables of compressibility and density were computed from equations of state which 
were fitted to the existing PVT data. In most instances the method of fitting per- 
mitted simultaneous consideration of other experimental data, such as Joule-Thomson 
coefficients, specific heat, and sound-velocity measurements. The tables for entropy, 
enthalpy, and specific heats were obtained by combining these properties of the ideal 
gas with corrections for the gas imperfection obtained, through the thermodynamic 
identities, from the equation of state. A fuller discussion and more extensive tabula- 
tions in the temperature argument are to be found in the above-cited circular of the 
National Bureau of Standards. 

The tables are presented in dimensionless form. Conversion factors given in Tables 
4h-l and 4h-2 permit ready conversion to some of the more frequently used units. 
Values of the gas constant R are listed for frequently used units in order to facilitate 
the use of the tables of the compressibility factor in calculating, by means of the equa- 
tion Z = PV/RT, the pressure P, the specific volume V (or density 1/7), or the 
temperature T, when any two of these are known. The molecular weights given in 
Table 4h-2 permit extension of the tabulated values of R to still other units. 

Pressure entries have been chosen to facilitate four-point Lagrangian interpolation, 
when linear interpolation is not valid. A convenient rule of thumb for determining 
the adequacy of linear interpolation is the following: "The error introduced by linear 
interpolation is approximately | of the second difference." Where the error greatly 
exceeds the uncertainty of the table, nonlinear interpolation is recommended. 
Table 4h-l. Values of the Gas Constant R in Various Units 



p 


V 


T 


R 


atm 


cm 3 /mole 
cm 3 /mole 
cm 3 /mole 
cm 3 /mole 
liters /mole 
liters /mole 
liters /mole 
ft 3 /(lb)mole 
ft 3 /(lb)mole 


°K 
°K 
°K 
°K 
°K 
°K 
°K 
°R 
°R 


82.0567 atm cm 3 /mole °K 


kg/cm 2 


84.7832 (kg/cm 2 )cm 3 /mole °K 


bars *...." 


83. 1440 bars cm 3 /mole °K 


mm Hg 


62,363.1 (mm Hg)cm 3 /mole °K 


atm 


0.0820544 atm liters/mole °K 


kg/cm 2 


0.0847809 (kg/cm 2 ) liters/mole °K 


mm Hg 


62 ; 3613 (mm Hg) liters/mole °K 


atm 


. 730228 atm f t 3 /mole °R 


mm Hg 


554.973 (mm Hg) ft 3 /mole °R 




1 ; _ 



* 10« dynes/cm 2 . 

i Joseph Hilsenrath et al., Tables of Thermal Properties of Gases, Natl. Bur. Standards 
{U.S.) Circ. 564, 1955. 
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30.1299 
126.064 
976.437 
54.1893 


1.98719 

0.110301 

0.461500 

1.98588 

0.110229 


1 

0.055506 
1.00003X10* 
3.61275X10-2 
62.4283 
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PV 
Table 4h-3. Compressibility Factor for Air, Z = -^ 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


0.98090 














200 


0.99767 


0.99067 


0.98367 


0.97666 


0.9080 


0.8481 


0.8105 


300 


0.99970 


0.99879 


0.99797 


0.99717 


0.99135 


0.9900 


0.9933 


400 


1.00019 


1.00079 


1.00141 


1.00205 


1.00946 


1.0188 


1.0299 


500 


1.00034 


1.00137 


1.00242 


1.00348 


1.01454 


1.0265 


1.0393 


600 


1.00038 


1.00152 


1.00267 


1 00385 


1.01574 


1.0281 


1.0408 


700 


1.00038 


1.00153 


1.00268 


1.00385 


1.01558 


1.0275 


1.0397 


800 


1.00037 


1.00148 


1.00259 


1.00371 


1.01493 


1.0263 


1.0379 


900 


1.00035 


1.00140 


1.00246 


1.00351 


1.01411 


1.0248 


1.0356 


1000 


1.00033 


1.00132 


1.00231 


1.00331 


1.01325 


1.0233 


1.0333 


1100 


1.00031 


1.00124 


1.00218 


1.00311 


1.01245 


1.0218 


1.0312 


1200 


1.00029 


1.00117 


1.00205 


1.00293 


1.01170 


1.0205 


1.0292 


1300 


1.00028 


1.00110 


1.00193 


1.00275 


1.01100 


1.0192 


1.0275 


1400 


1.00026 


1.00104 


1.00182 


1.00259 


1.01037 


1.0181 


1.0259 


1500 


1.00024 


1.00098 


1.00171 


1.00245 


1.00978 


1.0171 


1.0244 


1600 


1.00023 


1.00094 


1.00163 


1.00233 


1.0093 


1.0162 


1.0232 


1700 


1.00023 


1.00090 


1.00157 


1.00223 


1.0088 


1.0154 


1.0220 


1800 


1.00024 


1.00087 


1.00152 


1.00213 


1.0083 


1.0146 


1.0208 


1900 


1.00027 


1.00085 


1.00146 


1.00204 


1.0079 


1.0138 


1.0198 


2000 


1.00035 


1.00085 


1.00140 


1.00196 


1.0076 


1.0132 


1.0188 


2100 


1.0006 


1.0010 


1.0014 


1.0019 


1.0073 


1.0126 


1.0180 


2200 


1.0008 


1.0010 


1.0014 


1.0019 


1.0070 


1.0121 


1.0172 


2300 


1.0014 


1.0013 


1.0016 


1.0020 


1.0067 


1.0116 


1.0165 


2400 


1.0023 


1.0017 


1.0019 


1.0022 


1 .0067 


1.0113 


1.0160 


2500 


1.0036 


1.0024 


1.0024 


1.0026. 


1.0066 


1.0110 


1.0155 


2600 


1.0056 


1.0034 


1.0031 


1.0032 


1.0067 


1.0108 


1.0151 


2700 


1.0086 


1.0048 


1.0042 


1.0041 


1.0068 


1.0107 


1.0148 


2800 


1.0124 


1.0068 


1.0057 


1.0053 


1.0071 


1.0108 


1.0145 


2900 


1.0178 


1.0096 


1.0079 


1.0071 


1.0079 


1.0111 


1.0147 


3000 


1.0252 


1.0133 


1.0107 


1.0095 


1.0092 


1.0119 


1.0151 
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Table 4h-4. Relative Density of Air, p/ Po 
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T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


2.7830 














200 


1.3681 


5,511 


9.713 


13.976 


60.13 


112.66 


168.40 


300 


0.9102 


3.644 


6.383 


9.125 


36.72 


64.34 


91.61 


400 


0.6823 


2.7277 


4.771 


6.811 


27.043 


46.89 


66.27 


500 


0.5458 


2.1809 


3.813 


5.441 


21.526 


37.23 


52.53 


600 


0.4548 


1.8171 


3.176 


4.532 


17.917 


30.977 


43.71 


700 


0.3898 


1.5575 


2.7226 


3.885 


15.360 


26.567 


37 51 


800 


0.3411 


1.3629 


2.3825 


3.400 


13.449 


23.274 


32.879 


900 


0.3032 


1.2115 


2.1180 


3.023 


11.964 


20.720 


29.290 


1000 


0.2729 


1.0905 


1.9065 


2.721 


10.777 


18.675 


26.419 


1100 


0.24809 


0.9914 


1.7334 


2.474 


9.805 


17.001 


24.066 


1200 


0.22742 


0.9089 


1.5892 


2.268 


8.994 


15.605 


22.103 


1300 


0.20993 


0.8390 


1.4671 


2.094 


8.308 


14.422 


20.438 


1400 


0.19494 


0.7791 


1 3625 


1.945 


7.720 


13.406 


19.007 


1500 


0.18195 


0.7272 


1.2718 


1.815 


7.209 


12.525 


17.766 


1600 


0.17058 


0.6818 


1 . 1924 


1.702 


6.762 


11.753 


16.675 


1700 


0.16054 


0.6417 


1 . 1223 


1.602 


6.367 


11.070 


15.712 


1800 


0.15162 


0.6061 


1.0600 


1.513 


6.016 


10.463 


14.857 


1900 


0.14364 


5742 


1.0043 


1.434 


5.702 


9.921 


14.089 


2000 


0.13645 


0.5455 


0.9541 


1.362 


5.419 


9.430 


13.398 


2100 


0.12992 


0.5194 


0.9087 


1.297 


5.162 


8.986 


12.770 


2200 


0.12399 


0.4958 


0.8674 


1.239 


4.929 


8.582 


12 . 199 


2300 


0.11852 


0.4741 


0.8295 


1.185 


4.716 


8.213 


11.676 


2400 


0.11348 


0.4542 


0.7947 


1.135 


4.520 


7.873 


11.195 


2500 


0.10880 


0.4357 


0.7625 


1.089 


4.339 


7.560 


10.753 


2600 


0.10441 


0.4185 


0.7327 


1.047 


4.172 


7.271 


10.343 


2700 


0.10024 


0.4024 


0.7048 


1.007 


4.017 


7.003 


9.963 


2800 


0.09630 


0.3873 


0.6786 


0.970 


3.872 


6.752 


9.610 


2900 


0.09249 


0.3729 


0.6538 


0.935 


3.736 


6.517 


9.277 


3000 


0.08876 


0.3592 


0.6302 


0.901 


3.607 


6.295 


8.964 
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Table 4h^5. Specific Heat of Air, C p /R 



r, °k 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


3.5824 














200 


3.5062 


3.5495 


3.5950 


3.6427 


4.256 


5.132 


6.079 


300 


3.5059 


3.5220 


3.5383 


3.5546 


3.722 


3.889 


4.046 


400 


3.5333 


3.5416 


3.5500 


3.5583 


3.640 


3.717 


3.788 


500 


3.5882 


3.5932 


3.5983 


3.6032 


3.652 


3.697 


3.739 


600 


3.6626 


3.6660 


3.6693 


3.6726 


3.705 


3.735 


3.763 


700 


3.7455 


3.7479 


3.7502 


3.7525 


3.775 


3.797 


3.817 


800 


3.828 


3.830 


3.832 


3.834 


3.851 


3.867 


3.882 


900 


3.906 


3.908 


3.909 


3.910 


3.924 


3.936 


3 .947 


1000 


3.979 


3.980 


3.982 


3.983 


3.993 


4.003 


4.012 


1100 


4.046 


4.047 


4.048 


4.049 


4.057 


4.065 


4.072 


1200 


4 . 109 


4.110 


4.111 


4.111 


4.118 


4.125 


4.130 


1300 


4. 171 


4.172 


4.172 


4.173 


4.179 


4.184 


4,189 


1400 


4.230 


4.231 


4.231 


4.232 


4.236 


4.241 


4.245 


1500 


4.289 


4.290 


4.290 


4.290, 


4.294 


4.298 


4.302 


1600 


4.352 


4.351 


4.351 


4.351 


4.354 


4.357 


4.361 


1700 


4.418 


4.414 


4.413 


4.414 


4.416 


4.419 


4.421 


1800 


4.487 


4.480 


4.479 


4.478 


4.477 


4.479 


4.481 


1900 


4.566 


4.549 


4.544 


4,543 


4.540 


4.540 


4.542 


2000 


4.662 


4.626 


4.617 


4.613 


4.603 


4.604 


4.605 


2100 


4.781 


4.715 


4.699 


4.692 


4.674 


4.670 


4.671 


2200 


4.947 


4.823 


4.791 


4.780 


4.745 


4.738 


4.734 


2300 


5.179 


4.969 


4.918 


4.893 


4.828 


4.814 


4.806 


2400 


5.484 


5.149 


5.067 


5.026 


4.922 


4.897 


4.886 


2500 


5,882 


5.373 


5.247 


5.186 


5.028 


4.987 


4.971 


2600 


6.40 


5,661 


5.474 


5.389 


5.152 


5,088 


5.062 


2700 


7.06 


6.019; 


5.753 


5.634- 


5.295 


5.203 


5.172 


2800 


7.87 


6.455 


6.088 


5.930 


5.467 


5.341 


5.297 


2900 


8.86 


6.993 


6.497 


6.300 


5.668 


5.496 


5.434 


3000 


9.96 


7,605 


6.991 


6.724 


5.906 


5.678 


5.602 
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Table 4h-6. Enthalpy of Air, (H - E °)/RT Q 
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T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


1.2552 














200 . 


2.5465 


2.5281 


2.5094 


2.4908 


2.2922 


2.0794 


1.8734 


300 


3.8292 


3.8204 


3.8118 


3.8034 


3.7194 


3.6411 


3.5699 


400 


5.1167 


5.1125 


5 1079 


5.1039 


5.0623 


5.0252 


4.9926 


500 


6.4195 


6.4176 


6.4154 


6.4137 


6.3951 


6.3795 


6.3670 


600 


7.7463 


7.7459 


7.7454 


7.7449 


7.7408 


7.7388 


7.7390 


700 


9.1023 


9.1027 


9.1035 


9.1037 


9.1096 


9.1168 


9.1253 


800 


10.489 


10.490 


10.491 


10.492 


10.505 


10.519 


10.534 


900 


11.904 


11.906 


11.908 


11.909 


11.928 


11.947 


11.968 


1000 


13.348 


13.350 


13.352 


13.354 


13.377 


13.400 


13.424 


1100 


14.817 


14.819 


14.822 


14.824 


14.851 


14.877 


14.904 


1200 


16 310 


16.312 


16.316 


16.318 


16.347 


16 376 


16 405 


1300 


# 17.826 


17.828 


17.832 


17.834 


17.866 


17.897 


17.928 


1400 


19 363 


19.365 


19.370 


19.373 


19.407 


19.440 


19.471 


1500 


20.922 


20 924 


20.929 


20.932 


20.968 


21.003 


21.036 


1600 


22.504 


22.506 


22.511 


22,514 


22.551 


22.587 


22,621 


1700 


24. 110 


24. 112 


24.116 


24.118 


24.156 


24.193 


24,228 


1800 


25.740 


25 740 


25.744 


25.746 


25.784 


25.821 


25.857 


1900 


27.397 


27.392 


27.394 


27.396 


27.434 


27.472 


27.509 


2000 


29.086 


29.071 


29.070 


29.072 


29.108 


29.146 


29, 183 


2100 


30.813 


30.781 


30.774 


30.775 


30.806 


30.844 


30.881 


2200 


32.592 


32 527 


32.510 


32.509 


32.530 


32.566 


32.603 


2300 


34.443 


34.318 


34.286 


34.279 


34.282 


34.315 


34.349 


2400 


36.393 


36.169 


36 107 


36.093 


36.067 


36.092 


36.123 


2500 


38.470 


38.093 


37.994 


37.961 


37.888 


37.901 


37.927 


2600 


40.713 


40.110 


39.955 


39.895 


39.750 


39.744 


39.764 


2700 


43.172 


42.246 


42.008 


41.911 


41.661 


41.627 


41.638 


2800 


45.901 


44.528 


44.173 


44.026 


43.630 


43.556 


43.554 


2900 


48.960 


46.985 


46.474 


46.262 


45.666 


45.539 


45.518 


3000 


52.403 


49.655 


48.940 


48.650 


47.784 


47.583 


47.537 



4-86 



HEAT 
Table 4h-7. Entropy op Aib, S/R 



T,°K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


20.049 














200 


22.497 


21.091 


20.513 


20.139 


18.551 


17.767 


17.184 


300 


23.917 


22.524 


21.958 


21.594 


20.138 


19.513 


19.095 


400 


24.929 


23.539 


22.976 


22.616 


21.194 


20.602 


20.214 


500 


25.723 


24.335 


23.773 


23.414 


22.006 


21.428 


21.056 


600 


26.383 


24.995 


24.434 


24.077 


22.677 


22.104 


21.736 


700 


26.954 


25 567 


25.006 


24.649 


23.253 


22.685 


22.320 


800 


27.460 


26.073 


25 512 


25.155 


23.762 


23.196 


22.833 


900 


27.915 


26.528 


25.968 


25.610 


24.219 


23.655 


23.293 


1000 


28.330 


26.944 


26.384 


26.025 


24.634 


24.071 


23.709 


1100 


28.713 


27 327 


26.767 


26.408 


25.018 


24.454 


24 093 


1200 


29.068 


27.682 


27 . 122 


26.763 


25.373 


24.809 


24.448 


1300 


29.399 


28.013 


27.453 


27.093 


25.702 


25.138 ' 


24.777 


1400 


29.711 


28.324 


27.764 


27.404 


26.013 


25.448 


25.087 


1500 


30.005 


28.618 


28.058 


27.698 


26.306 


25.741 


25.380 


1600 


30.284 


28.897 


28.337 


27.977 


26.585 


26.020 


25.659 


1700 


30 . 549 


29.162 


28.602 


28.242 


26.850 


26.287 


25.926 


1800 


30.804 


29.416 


28.856 


28.496 


27 . 104 


26.542 


26.181 


1900 


31.048 


29.660 


29.100 


28.740 


27.348 


26.785 


26.424 


2000 


31.284 


29.896 


29.335 


28.974 


27.582 


27.019 


26.658 


2100 


31.514 


30.124 


29.563 


29.201 


27.808 


27.245 


26.884 


2200 


31.740 


30.346 


29.784 


29.421 


28.027 


27 463 


27.102 


2300 


31.964 


30.563 


29.999 


29.636 


28.240 


27.676 


27.314 


2400 


32.191 


30.778 


30.212 


29.847 


28.447 


27.883 


27.520 


2500 


32.423 


30.992 


30.422 


30.055 


28.650 


28.084 


27.721 


2600 


32.663 


31.208 


30 632 


30.263 


28.849 


28.281 


27.918 


2700 


32.917 


31.428 


30.844 


30.471 


29.046 


28.476 


28.111 


2800 


33.188 


31.654 


31.059 


30.681 


29.242 


28.669 


28.302 


2900 


33.481 


31.889 


31.279 


30.895 


29.438 


28.861 


28.491 


3000 


33.799 


32.136 


31.507 


31.114 


29.634 


29.052 


28.678 
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Table 4h~8. Compressibility Factor for Argon, Z = PV/RT 



T, °E 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


0.9782 


0.9079 












200 


0.99706 


0.98818 


0.97923 


6.97023 


0.8778 


0.7838 


0.6917 


300 


0.99937 


0.99750 


0.99565 


0.99382 


0.9773 


0.9643 


0.9553 


400 


0.99998 


0.99991 


0.99986 


0.99982 


1 .0002 


1.0022 


1.0057 


500 


1.00018 


1.00072 


1 .00127 


1.00183 


1.0079 


1.0147 


1.0224 


• 600 


1.00025 


1.00101 


1.00178 


1.00255 


1.0105 


1.0190 


1 .0279 


700 


1.00027 


1.00111 


1.00194 


1.00278 


1.0113 


1.0201 


1 .0292 


800 


1.00028 


1.00111 


1.00195 


1.00279 


1.0113 


1.0199 


1.0288 


900 


1.00027 


1.00109 


1.00191 


1.00273 


1.0110 


1.0194 


1.0279 


1000 


1.00026 


1.00104 


1.00183 


1.00261 


1.0105 


1 0185 


1.0265 


1100 


1.00025 


1.00100 


1.00174 


1.00249 


1.0100 


1.0176 


1.0252 


1200 


1.00024 


1.00095 


1.00166 


1.00237 


1.0095 


1.0167 


1.0239 


1300 


1.00023 


1.00090 


1.00158 


1.00225 


1.0090 


1 .0158 


1.0226 


1400 


1.00021 


1.00085 


1.00149 


1.00213 


1.0085 


1.0149 


1.0213 


1500 


1.00020 


1.00081 


1.00142 


1.00203 


1.0081 


1.0142 


1 .0203 


1600 


1.00019 


1.00077 


1.00135 


1.00193 


1.0077 


1.0135 


1.0193 


1700 


1.00018 


1.00073 


1.00128 


1.00183 


1.0073 


1.0128 


1 .0183 


1800 


1.00018 


1.00070 


1.00123 


1.00175 


1.0070 


1.0123 


1.0175 ' 


1900 


1.00017 


1.00067 


1.00117 


1.00167 


1.0067 


1.0117 


1 .0167 


2000 


1.00016 


1.00064 


1.00111 


1.00159 


1.0064 


1.0111 


1.0159 


2100 


1.00015 


1.00061 


1.00107 


1.00153 


1.0061 


1.0107 


1.0153 


2200 


1.00015 


1.00058 


1.00102 


1.00146 


1.0058 


1.0102 


1.0146 


2300 


1 00014 


1 .00056 


1.00098 


1 00140 


1.0056 


1.0098 


1.0140 


2400 


1.00014 


1.00054 


1.00095 


1.00135 


1.0054 


1.0095 


1.0135 


2500 


1 00013 


1.00052 


1.00091 


1.00130 


1.0052 


1.0091 


1 .0130 


2600 


1.00013 


1.00050 


1.00088 


1 00125 


1.0050 


1 .0088 


1.0125 


2700 


1.00012 


1.00048 


1.00084 


1.00120 


1.0048 


1.0084 


1.0120 


2800 


1.00012 


1.00046 


1.00081 


1.00116 


1.0046 


1.0081 


1.0116 


2900 


1.00011 


1.00045 


1.00078 


1.00112 


1.0045 


1.0078 


1.0112 


3000 


1.00011 


1.00043 


1.00076 


1.00108 


1.0043 


1.0076 


1 .0108 


3100 


1.00011 


1.00042 


1.00074 


1.00105 


1.0042 


1.0074 


1.0105 


3200 


1.00011 


1.00041 


1.00072 


1.00102 


1.0041 


1.0072 


1.0102 


3300 


1.00010 


1.00039 


1.00069 


1.00098 


1.0039 


1.0069 


1.0098 


3400 


1.00010 


1.00038 


1.00067 


1.00096 


1.0038 


1.0067 


1.0096 


3500 


1.00009 


1.00037 


1.00065 


1.00093 


1 0037 


1.0065 


1.0093 


3600 


1.00009 


1.00036 


1.00063 


1.00090 


1.0036 


1.0063 


1.0090 


3700 


1.00009 


1.00035 


1.00062 


1.00088 


1.0035 


1.0062 


1.0088 


3800 


1 .00009 


1.00034 


1.00060 


1.00085 


1.0034 


1.0060 


1.0085 


3900 


1.00008 


1.00033 


1.00058 


1.00083 


1.0033 


1.0058 


1.0083 


4000 


1.00008 


1.00032 


1.00057 


1.00081 


1.0032 


1.0057 


1.0081 


4100 


1.00008 


1.00032 


1.00055 


1.00079 


1.0032 


1.0055 


1 .0079 


4200 


1 .00008 


1.00031 


1.00054 


1.00077 


1.0031 


1.0054 


1.0077 


4300 


1.00008 


1.00030 


1.00053 


1 .00075 


1.0030 


1.0053 


1.0075 


4400 


1.00007 


1.00029 


1.00051 


1 00073 


1.0029 


1 0051 


1 .0073 


4500 


1 .00007 


1.00028 


1.00050 


1.00071 


1.0028 


1.0050 


1 .0071 


4600 


1.00007 


1.00028 


1.00049 


1.00070 


1.0028 


1 0049 


1.0070 


4700 


1.00007 


1.00027 


1.00048 


1.00068 


1.0027 


1.0048 


1 .0068 


4800 


1.00007 


1.00026 


1.00046 


1.00066 


1.0026 


1.0046 


1.0066 


4900 


1.00007 


1.00026 


1.00046 


1.00065 


1.0026 


1.0046 


1.0065 


5000 


1.00006 


1.00025 


1:00044 


1.00063 


1.0025 


1,0044 


1.0063 



4-88 



HEAT 

Table 4h-9, Relative Density of Argon, p/po 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


2.79 


12.02 












200 


1.3685 


5.5232 


9.754 


14.064 


62.18 


121.9 


197.3 


300 


0.91023 


3.6477 


6.3954 


9.1531 


37.23 


66.03 


95.22 


400 


0.68226 


2,7292 


4.7764 


6.8237 


27.28 


47.65 


67.84 


500 


0.54570 


2.1816 


3.8157 


5.4480 


21.66 


37.65 


53.38 


600 


0.45471 


1.8175 


3.1781 


4.5367 


18.00 


31.25 


44,25- 


700 


0.38975 


1.5577 


2.7237 


3.8877 


15.42 


26.75 


37.88 


800 


0.34103 


1.3630 


2.3832 


3.4017 


13.49 


23.41 


33.16 


900 


0.30314 


1.2U6 


2.1185 


3.0239 


12.00 


20.82 


29,50 


1000 


0.27283; 


1 .0905 


1 .9068 


2;.7219 


10.80 


18.76 


26>59 


1100 


0.24803 


0, 99136 


1,7336 


2.4747 , 


9.825 


17.07 


24.20 


1200 


0.22736 


0, 90879 


1.5893 


2.2688 


9.011 


15.66 


22,21 


1300 


0.20987 


0,83893 


1.4671 


2.0945 


8.322 


14,47 


20.53 


1400 


0.19489 


0,77904 


1.3625 * 


1.9451 


7.731 


13,44 


19^09 


1500 


0.18189 


0.72714 


1.2717 


1,8156 


7.219 


12,56 


17.83 


1600 


0.17053 


0.68172 


1.1923 


1.7023 


6.770 


11,78 


16,73 


1700 


0.16050 


0.64164 


1.1223 


1.6023 


6.375 


11.09 


15.76 


1800 


0.15158 


0.60601 


1.0600 


1.5134 


6.022 


10.48 


14.90 


1900 


0.14361 


0.57414 


1.0042 


1.4339 


5.707 


9.938 


14,13 


2000 


0.13643 


0.54544 


0.95408 


1.3623 


5.423 


9.447 


13.43 


2100 


0.12993 


0.51949 


0.90868 


1.2975 


5.167 


9.000 


12.80 


2200 


0.12403 


0.49589 


0,86742 


1.2386 


4.933 


8,595 


12.23 


2300 


0.11863 


0,47434 


0.82974 


1.1848 


4.720 


8:225 


11.70 


2400 


0.11369 


0.45458 


0.79520 


1.1355 


4.524 


7.885 


11.22 


2500 


0.10914 


0.43641 


0,76342 


1.0902 


4.344 


7.572 


10,78 


2600 


0.10495 


0.41963 


0.73408 


1.0483 


4.178 


7.283 


10.37 


2700 


0.10106 


0,40410 


0.70692 


1.0095 


4.024 


7.016 


9.987 


2800 


0.097452 


0,38967 


0.68169 


0.9735 


3.881 


6.768 


9.635 


2900 


0.094092 


0.37624 


0.65820 


0.93997 


3.747 


6.536 


9.306 


3000 


0.090956 


0.36371 


0.63628 


0.90868 


3.623 


6.320 


8.999 


3100 


0.088022 


0.35198 


0,61576 


0. 87939 


3.507 


6.117 


8.712 


3200 


0.085271 


0.34098 


0.59653 


0.85193 


3.397 


5.927 


8.442 


3300 


0.082688 


0.33066 


0.57347 


0.82614 


3.295 


5.749 


8.189 


3400 


0.080256 


0,32093 


0.56147 


0.80187 


3.198 


5,581 


7,950 


3500 


0.077964 


0.31177 


0.54544 


0.77898 


3.107 


5.423 


7.725 


3600 


0.075798 


0,30311 


0.53030 


0.75737 


3.021 


5.273 


7,513 


3700 


0.073749 


0.29492 


0.51597 


0.73691 


2,940 


5.131 


7.311 


3800 


0.071809 


0.28716 


0.50240 


0.71754 


2.863 


4.997 


7.121 


3900 


0.069968 


0.27980 


0.48953 


0.69916 


2.790 


4.870 


6>940 


4000 


0.068219 


0:27281 


0.47730 


0.68169 


2.720 


4.749 


6.768 


4100 


0.066555 


0-26616 


0.46567 


0.66508 


2.654 


4.634 


6.604 


4200 


0.064970 


0.25982 


0.45458 


0.64925 


2.591 


4.524 


6.448 


4300 


0.063459 


0,25378 


0.44402 


0.63417 


2.531 


4.419 


6.299 


4400 


0.062018 


0.24802 


0.43393 


0.61977 


2.474 


4.320 


6; 157 


4500 


0.060640 


0.24251 


0.42429 


0.60601 


2.419 


4.224 


6,022 


4600 


0.059321 


0,23724 


0.41507 


0.59284 


2.366 


4.133 


5.891 


4700 


0.058059 


0; 23219 


0.40625 


0.58024 


2.316 


4.045 


5.767 


4800 


0.056850 


0.22736 


0.39779 


0.56816 


2.268 


3.961 


5.648 


4900 


0.055689 


0.22272 


0:38967 


0.55657 


2.222 


3.881 


5.533 


5000 


0.054576 


0.21826 


0.38189 


0.54545 


2,178 


3.804 


5.424 



THERMODYNAMIC PROPERTIES OF GASES 
Table 4h-10. Specific Heat of Argon, C p /R 



4^8g 



T,°K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


2.6077 


3.016 


3.55 










200 


2.5154 


2.5626 


2.612 


2.663 


3.31 


4,2 


5.2 


300 


2.5057 


2.5230 


2.5404 


2.5581 


2.74 


2.93 


3.12 


400 


2.5029 


2.5118 


2,5206 


2.5294 


2.61 


2.70 


2.79 


500 


2.5018 


2.5071 


2.5124 


2.5176 


2.570 


2.621 


2.670 


600 


2.5012 


2.5047 


2.5082 


2.5117 


2.546 


2.579 


2.611 


700 


2.5008 


2.5033 


2.5058 


2.5082 


2.532 


2.555 


2.578 


800 


2.5006 


2.5025 


2.5043 


2.5062 


2.524 


2.541 


2.558 


900 


2.5005 


2.5020 


2.5033 


2.5047 


2.519 


2.531 


2.544 


1000 


2.5004 


2.5015 


2.5026 


2.5037 


2.515 


2.525 


2.536 


1100 


2.5003 


2 5012 


2.5021 


2.5030 


2.512 


2.520 


2.528 


1200 


2.5002 


2 5010 


2.5017 


2.5024 


2.510 


2.516; 


2.523 


1300 


2.5002 


2.5008 


2.5014 


2.5020 


2.508 


2.514 


2.519 


1400 


2.5002 


2.5007 


2.5012 


2.5017 


2.507 


2.512 


2.516 


1500 


2.5001 


2.5006 


2.5010 


2.5014 


2.506 


2.510 


2.513 


1600 


2 5001 


2.5005 


2:5009 


2.5012 


2.505 


2.509 


2.511 


1700 


2.5001 


2.5004 


2.5007 


2.5011 


2.504 


2.507 


2.511 


1800 


2.5001 


2.5004 


2.5006 


2.5009 


2.504 


2.506 


2.509 


1900 


2.5001 


2.5003 


2.5006 


2.5008 


2.503 


2.506 


2.508 


2000 


2.5001 


2.5003 


2.5005 


2.5007 


2.503 


2.505 


2.507 


2100 


2.5001 


2.5002 


2.5004 


2.5006 


2 502 


2.504 


2.506 


2200 


2.5001 


2.5002 


2.5004 


2.5005 


2.502 


2.504 


2.505 


2300 


2.5000 


2.5002 


2.5003 


2.5005 


2 502 


2.503 


2.505 


2400 


2.5000 


2.5002 


2.5003 


2.5004 


2.502 


2.503 


2.504 


2500 


2.5000 


2.5002 


2.5003 


2.5004 


2.502 


2.503 


2.504 


2600 


2.5000 


2.5001 


2.5002 


2.5003 


2.501 


2.502 


2 503 


2700 


2.5000 


2.5001 


2.5002 


2.5003 


2.501 


2.502 


2.503 


2800 


2.5000 


2.5001 


2.5002 


2.5003 


2 501 


2.502 


2.503 


2900 


2.5000 


2.5001 


2.5002 


2.5003 


2.501 


2.502 


2.503 


3000 


2:5000 


2.5001 


2.5002 


2.5002 


2.501 


2.502 


2.502 



4-90 HEAT 

Table 4h-ll. Enthalpy of Argon, (H - E °)/RTo 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


0.8935 


0.8220 


0.7413 










200 


1 . 8236 


1.8029 


1.7819 


1.7606 


1.53 


1.3 




300 


2.7422 


2.7319 


2.7217 


2.7114 


2.610 


2.512 


2.42 


400 


3 . 6590 


3.6532 


3.6476 


3.6418 


3.586 


3.533 


3.48 


500 


4.5750 


4.5718 


4.5686 


4.5654 


4.535 


4.506 


4.48 


600 


5.4907 


5.4891 


5.4874 


5.4859 


5.471 


5.457 


5.445 


700 


6.4063 


6.4057 


6,4052 


6.4047 


6.400 


6.397 


6.395 


800 


7.3218 


7.3220 


7.3222 


7.3226 


7.326 


7.330 


7.335 


900 


8.2372 


8.2380 


8.2388 


8.2396 


8.249 


8.258 


8.268 


1000 


9.1525 


9.1538 


9.1551 


9.1564 


9.170 


9.184 


9.198 


1100 


10.0679 


10.0696 


10.0712 


10.0729 


10.090 


10.107 


10.125 


1200 


10.9832 


10.9852 


10.9871 


10.9891 


11.009 


11.029 


11.049 


1300 


11.8985 


11.9007 


11.9029 


11.9051 


11.927 


11.950 


11.972 


1400 


12.8138 


12.8162 


12.8186 


12.8210 


12.845 


12.869. 


12.894 


1500 


13.7291 


13.7316 


13.7342 


13.7367 


13.763 


13.788 


13.815 


1600 


14.6443 


14.6470 


14.6497 


14.6524 


14.680 


14.707 


14.735 


1700 


15.5595 


15.5624 


15.5652 


15.5680 


15.597 


15.625 


15.654 


1800 


16.4749 


16.4778 


16.4808 


16.4837 


16 513 


16.543 


16.572 


1900 


17.3901 


17.3931 


17.3962 


17.3992 


17,430 


17.460 


17.491 


2000 


18.3053 


18.3085 


18.3116 


18.3147 


18.346 


18.377 


18.409 


2100 


19.2206 


19.2238 


19.2269 


19.2301 


19.262 


19.294 


19.326 


2200 


20.1358 


20.1390 


20.1423 


20.1456 


20.178 


20.211 


20.243 


2300 


21.0510 


21.0543 


21.0576 


21.0609 


21.094 


21.127 


21.160 


2400 


21.9662 


21.9696 


21.9729 


21.9763 


22.010 


22.044 


22.077 


2500 


22.8815 


22.8849 


22.8884 


22.8918 


22.926 


22.960 


22.994 


2600 


23.7967 


23.8002 


23.8036 


23.8071 


23.842 


23.876 


23.911 


2700 


24.7120 


24,7154 


24.7189 


24.7224 


24.757 


24.792 


24.827 


2800 


25.6272 


25.6307 


25:6342 


25.6377 


25.673 


25.708 


25 743 


2900 


26.5424 


26.5459 


26.5495 


26.5530 


26.589 


26.624 


26.659 


3000 


27.4576 


27.4612 


27.4647 


27.4683 


27.504 


27.540 


27.575 



THERMODYNAMIC PROPERTIES OF GASES 
Table 4h-12. Entbopy of Argon, S/R 



4-91 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


15.8425 


14.328 


13.62 










200 


17.6069 


16.2012 


15.6218 


15.245 


13:64 


12.83 


12.2 


300 


18.6245 


17.2308 


16.6637 


16.2995 


14.8389 


14.2067 


13.781 


400 


19.3449 


17.9548 


17.3913 


17.0308 


15.6067 


15.0118 


14.618 


500 


19.9032 


18.5146 


17.9527 


17.5937 


16.1850 


15.6037 


15.2261 


600 


20.3593 


18.9715 


18.4104 


18.0522 


16:6513 


16.0776 


15.7072 


700 


20.7449 


19.3575 


18.7969 


18.4391 


17.0426 


16:4732 


16.1070 


800 


21.0787 


19.6917 


19.1313 


18.7739 


17.3802 


16.8134 


16.4498 


900 


21.3733 


19.9864 


19.4263 


19.0690 


17.6772 


17.1122 


16.7503 


1000 


21.6368 


20.2500 


19.6900 


19.3328 


17.9423 


17.3785 


17.0179 


1100 


21.8751 


20.4884 


19.9285 


19.5715 


18.1819 


17.6190 


17.2592 


1200 


22.0926 


20,7060 


20.1462 


19.7892 


18.4003 


17.8381 


17.4789 


1300 


22.2927 


20.9062 


20.3464 


19.9895 


18.6010 


18.0394 


17.6807 


1400 


22.4780 


21.0916 


20.5318 


20.1749 


18.7869 


18.2256 


17.8673 


1500 


22.6505 


21.2640 


20.7043 


20.3474 


18.9597 


18.3988 


18.0408 


1600 


22.8119 


21.4254 


20.8657 


20.5089 


19.1214 


18.5607 


18.2029 


1700 


22.9635 


21.5771 


21.0174 


20.6606 


19.2733 


18.7128 


18.3552 


1800 


23.1064 


21.7200 


21 . 1603 


20.8035 


19.4165 


18.8561 


18.4987 


1900 


23.2415 


21.8551 


21.2955 


20.9387 


19.5518 


18.9915 


18.6343 


2000 


23.3698 


21.9834 


21,4238 


21.0670 


19.6802 


19.1201 


18.7630 


2100 


23.4917 


22.1053 


21.5457 


21 . 1890 


19.8022 


19.2422 


18,8851 


2200 


23.6080 


22.2217 


21 . 6620 


21.3053 


19.9187 


19.3587 


19.0017 


2300 


23.7192 


22.3329 


21.7732 


21.4165 


20.0299 


19.4701 


19.1131 


2400 


23.8256 


22.4393 


21.8797 


21.5229 


20.1364 


19.5766 


19.2197 


2500 


23.9276 


22.5413 


21.9817 


21.6249 

s 


20.2385 


19.6787 


19.3218 


2600 


24.0257 


22.6394 


22.0798 


21.7231 


20.3366 


19.7769 


19 t 4201 


2700 


24.1200 


22.7337 


22.1741 


21.8174 


20.4310 


19.8713 


19.5145 


2800 


24.2109 


22.8246 


22.2650 


21.9083 


20.5219 


19.9623 


19.6055 


2900 


24.2987 


22.9124 


22.3528 


21.9961 


20.6098 


20.0501 


19.6934 * 


3000 


24.3834 


22.9971 


22.4375 


22.0808 


20.6945 


20.1349 


19,7782 



4-92 HEAT 

Table 4h-13. Compressibility Factor for Carbon Dioxide, Z = PV/RT 



T, ?K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


300 


0.99501 


0.9798 


0.9644 


0.9486 


0.7611 






400 


0.99817 


0.99267 


0:9S714 


0.9815 


9252 


0.8697 


0.8155 


500 


0.99927 


0.99711 


0.99496 


0.99281 


0.9721 


0.9531 


0.9365 


600 


0.99975 


0.99903 


0.99832 


0.99763 


0.9916 


0.9874 


0.9850 


700 


0.99998 


99996 


0.99995 


0.99996 


1.0008 


1.0031 


1.0068 


800 


1 .0001 


1.0004 


1.0008 


1.0011 


1.0054 


1.0108 


1.0172 


900 


1.0001 


1:0007 


1.0012 


1.0018 


1.0079 


1.0147 


1.0224 


1000 


1.0002 


1.0008 


1.0015 


1.0022 


1.0092 


1.0167 


1.0248 


1100 


1.0002 


1.0009 


1.0016 


1.0024 


1.0098 


1,0177 


1.0260 


1200 


1.0002 


1.0009 


1.0017 


1.0024 


1.0101 


1.0181 


1.0263 


1300 


1.0002 


1 .0010 


1.0017 


1 .0025 


1.0102 


1.0181 


1.0262 


1400 


1.0002 


1.0010 


1.0017 


1.0025 


1.0101 


1.0179 


1.0258 


1500 


1.0002 


1.0010 


1.0017 


1.0025 


1.0100 


1.0176 


1.0253 





Table 4h-14. Relative Density of Carbon Dioxide, p/p 




V, °E 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


300 


0.9088 


3.6916 


6.5637 


9.532 


47.52 






400 


0.6794 


2.7329 


4.8095 


6.909 


29. £21 


54.600 


83.17 


500 


0.5429 


2.1766 


3.8173 


5.465 


22.327 


39.848 


57.937 


600 


0.45227 


1.8104 


3.1704 


4.5323 


18.238 


32.054 


45.904 


700 


0.38757 


1.5503 


2.7130 


3.8758 


15.489 


27.044 


38.491 


800 


0.33908 


1.3558 


2.3719 


3.3871 


13.491 


23 483 


33.335 


900 


0.30138 


1.2048 


2.1073 


3.0088 


11.962 


20.793 


29.483 


1000 


0.27123 


1.0842 


1.8961 


2.7069 


10.752 


18.677 


26.470 


1100 


0.24657 


0.9855 


1.7235 


2.4604 


9.768 


16.963 


24.038 


1200 


0.22585 


0.9034 


1.5798 


2.2551 


8.952 


15.544 


22.028 


1300 


0.20863 


0.8339 


1.4582 


2.0816 


8.262 


14.348 


20.335 


1400 


0.19373 


0.7743 


1.3541 


1.9329 


7.673 


13.325 


18.890 


1500 


0.18081 


0.7227 


1.2638 


1.8041 


7.162 


12.441 


17.639 
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Table 4h-15. Specific Heat of Carbon Dioxide, C p /R 



4^93 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


300 


4.513 


4.624 


4.739 


4.862 


7.45 






400 


4.984 


5.027 


5.070 


5.115 


5.615 


6.225 


6.960 


500 


5.374 


5.396 


5.418 


5.440 


5.669 


5.875 


6.014 


600 


5.696 


5.708 


5.721 


5.734 


5.873 


6; 020 


6.173 


700 


5.964 


5.972 


5.981 


5.989 


6.078 


6.171 


6.267 


800 


6.188 


6.194 


6.200 


6.206 


6.266 


6.326 


6.387 


900 


6.376 


6.380 


6.384 


6.389 


6.433 


6.476 


6.518 


1000 


6.533 


6.536 


6.540 


6.543 


6.577 


6.609 


6.640 


1100 


6.665 


6.668 


6.671 


6.674 


6.700 


6.725 


6.749 


1200 


6.776 


6.779 


6.781 


6.783 


6.805 


6.825 


6.844 


1300 


6.872 


6.874 


6.876 


6.878 


6.896 


6.912 


6.928 


1400 


6.952 


6.954 


6.955 


6.957 


6.972 


6.986 


6.999 


1500 


7.021 


7,022 


7.024 


7.025 


7.038 


7.050 


7.061 





Table 4h-16. Enthalpy of Carbon Dioxide, (H - 


- E °)/RT 


o 


T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


300 


4.135 


4.079 


4.023 


3.965 


3.25 






400 


5.876 


5.846 


5,816 


5.785 


5.466 


5.128 


4.771 


500 


7.774 


7.755 


7.737 


7.717 


7.522 


7.315 


7.081 


600 


9.802 


9.789 


9.777 


9.764 


9.635 


9.497 


9.333 


700 


11.938 


11.929 


11.921 


11.912 


11.824 


11.729 


11.609 


800 


14.164 


14.157 


14.151 


14.145 


14.084 


14.016 


13.925 


900 


16.464 


16.459 


16.456 


16.451 


16.409 


16.360 


16.287 


1000 


18.828 


18.824 


18.822 


18.819 


18.791 


18.755 


18.696 


1100 


21.245 


21.243 


21.241 


21.239 


21.222 


21.197 


21.147 


1200 ; 


23.706 


23.704 


23.704 


23.703 


23.695 


23.677 


23.635 


1300 


26.204 


26.204 


26.204 


26.203 


26.202 


26.192 


26.156 


1400 


28.735 


28.735 


28.736 


28.736 


28.741 


28.736 


28.705 


1500 


31.293 


31.294 


31295 


31.296 


31.306 


31.305 


31.279 





.Table 4M7. ; 


Entropy < 


jf Carbon Dioxide, 


S/B 




T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


300 


25.715 


24.293 


23.698 


23.305 


21.43 






400 


27.080 


25.678 


25.103 


24.732 


23.183 


22.449 


21.904 


500 


28.235 


26.840 


26.273 


25.908 


24.436 


23.783 


23.316 


600 


29.244 


27.853 


27.288 


26.927 


25.488 


24.870 


24.437 


700 


30.143 


28.753 


28.190 


27.830 


26.409 


25.809 


25.395 


800 


30.954 


29.565 


29.003 


28.645 


27.233 


26.643 


26.240 


900 


31.695 


30.307 


29.745 


29.387 


27.982 


27.398 


27.001 


1000 


32.375 


30.987 


30.426 


30.069 


28.667 


28.087 


27.694 


1100 


33.004 


31.616 


31.055 


30.698 


29.300 


28.723 


28.332 


1200 


33.589 


32.202 


31.641 


31.284 


29.887 


29.312 


28.923 


1300 


34.135 


32.748 


32.187 


31.831 


30.436 


29.862 


29.474 


1400 


34.647 


33.260 


32.700 


32.343 


30.949 


30.377 


29.990 


1500 


35.129 


33 . 742 


33 . 182 


32.825 


31.431 


30.858 


30.475 
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Fig. 4h-l. Temperature-entropy diagram for helium. (Zdmanov.) 
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Table 4h-18. Compressibility Factor for Hydrogen, Z = PV/RT 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


40 


0.9845 


0.9362 


0.8853 


0.8317 








60 


0.9955 


0.9822 


0.9691 


0.9564 


0.8757 


0.8700 


0.9395 


80 


0.9986 


0.9946 


0.9908 


0.9872 


0.9682 


0.9782 


1.0174 


100 


0.9998 


0.9992 


0.9987 


0.9983 


1.0029 


1.0222 


1.0560 


120 


1.0003 


1.0012 


1.0021 


1.0030 


1.0176 


1.0405 


1.0726 


140 


1.0005 


1.0020 


1.0036 


1.0052 


1.0243 


1.0488 


1.0786 


160 


1.0006 


1.0024 


1.0043 


1.0062 


1.0271 


1.0516 


1.0798 


180 


1.0007 


1.0028 


1.0048 


1.0067 


1.0283 


1.0523 


1.0785 


200 


1.0007 


1.0028 


1.0048 


1.0068 


1.0283 


1.0513 


1.0760 


220 


1.0007 


1.0028 


1.0048 


1.0067 


1.0276 


1.0497 


1.0730 


240 


1.0007 


1.0027 


1.0047 


1.0066 


1.0269 


1.0480 


1.0698 


260 


1.0006 


1.0024 


1.0044 


1.0064 


1.0259 


1.0459 


1.0667 


280 


1.0006 


1.0024 


1.0042 


1.0061 


1.0247 


1.0439 


1.0636 


300 


1.0006 


1.0024 


1.0042 


1.0059 


1.0238 


1.0420 


1.0607 ' 


320 


1.0006 


1.0024 


1.0041 


1.0057 


1.0229 


1.0402 


1.0579 


340 


1.0005 


1.0021 


1.0037 


1.0054 


1.0217 


1.0384 


1.0553 


360 


1.0005 


1.0020 


1.0036 


1.0052 


1.0209 


1.0367 


1.0529 


380 


1.0005 


1.0020 


1.0035 


1.0050 


1.0201 


1.0353 


1.0507 


400 


1.0005 


1.0020 


1.0034 


1.0048 


1.0193 


1.0339 


1.0486 


420 


1.0005 


1.0019 


1.0033 


1.0046 


1.0185 


1.0325 


1.0466 


440 


1.0004 


1.0017 


1.0030 


1.0045 


1.0180 


1.0314 


1.0448 


460 


1.0004 


1.0016 


1.0029 


1.0043 


1.0172 


1.0301 


1.0431 


480 


1.0004 


1.0016 


1.0028 


1.0041 


1.0165 


1.0289 


1.0415 


500 


1.0004 


1.0016 


1.0028 


1.0040 


1.0160 


1.0280 


1.0400 


520 


1.0004 


1.0016 


1.0028 


1.0039 


1.0155 


1.0271 


1.0385 


540 


1.0004 


1.0016 


1.0026 


1.0037 


1.0148 


1.0260 


1.0372 


560 


1.0004 


1.0015 


1.0026 


1.0036 


1 .0144 


1.0252 


1.0360 


580 


1.0003 


1.0013 


1.0024 


1.0035 


1.0140 


1.0244 


1.0348 


600 


1.0003 


1.0012 


1.0023 


1.0034 


1.0136 


1.0237 


1.0337 
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Table 4h-19. Relative Density of Hydrogen, p/p Q 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


40 


6.9408 


29.195 


54.029 


82.160 








60 


4.5761 


18.552 


32 905 


47.632 


208.08 


366.53 


484.88 


80 


3.4214 


13.740 


24.138 


34 . 609 


141.15 


244.49 


335.82 


100 


2.7338 


10.942 


19.158 


27.379 


109.01 


187.17 


258.83 


120 


2.2771 


9.0999 


15.910 


22.709 


89.532 


153.23 


212.36 


140 


1.9514 


7.7937 


13.617 


19.422 


76.240 


130.30 


181.01 


160 


1 .7073 


6.8167 


11.907 


16.978 


66.528 


113.71 


158.21 


180 


1.5174 


6.0569 


10.578 


15.084 


59.067 


101.01 


140,80 


200 


1.3657 


5.4512 


9.5206 


13.574 


* 53 . 160 


90.995 


127.01 


220 


1.2415 


4.9557 


8.6551 


12.341 


48.361 


82.849 


115.79 


240 


1.1381 


4.5431 


7.9347 


11.314 


44.361 


76.068 


106.46 


260 


1.0506 


4.1949 


7.3265 


10.446 


40.988 


70.358 


98.553 


280 


0.97559 


3, 8953 


6.8045 


9.7026 


38.105 


65.457 


91.780 


' 300 


0.91055 


3.6356 


6.3509 


9.0575 


35.596 


61.204 


85.896 


320 


0.85364 


3.4084 


5.9546 


8.4931 


33.401 


57.479 


80.740 


340 


0.80351 


3.2088 


5.6065 


7.9959 


31.473 


54.192 


76.178 


360 


0.75887 


3.0309 


5.2956 


7 . 5532 


29.748 


51.265 


72.110 


380 


0.71893 


2.8714 


5.0174 


7.1571 


28.204 


48.632 


68.458 


400 


0.68298 


2.7278 


4.7670 


6.8006 


26.815 


46.286 


65.165 


420 


0.65046 


2.5982 


4.5404 


6.4780 


25.558 


44.120 


62.181 


440 


0,62095 


2.4806 


4.3353 


6.1842 


24.408 


42.160 


59.457 


460 


0.59396 


2.3729 


4.1473 


5.9165 


23.365 


40.377 


56.964 


480 


0.56921 


2.2741 


3.9749 


5.6711 


22.407 


38.740 


54.675 


500 


0.54644 


2.1831 


3.8159 


5.4448 


21.522 


37.223 


52.563 


520 


0.52542 


2.0991 


3.6691 


5.2359 


20.704 


35.823 


50.615 


540 


0.50596 


2.0214 


3.5339 


5.0430 


19.951 


34.533 


48.801 


560 


0.48789 


1.9494 


3.4077 


4.8634 


19.246 


33.326 


47.113 


580 


0.47112 


1.8826 


3.2908 


4.6961 


18.590 


32.202 


45.541 


600 


0.45541 


1.8200 


3.1815 


4.5400 


17.977 


31.150 


44.070 
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Tabije 4h-20. Specific Heat of Hydrogen, C p /R 
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T, °K 


atm 


1 atm 


10 atm 


100 atm 


20 


2.500 








40 


2.501 


2.564 


3.463 




60 


2.519 


2.544 


2.780 


3.957 


80 


2.591 


2.605 


2.723 


3.564 


100 


2.714 


2.722 


2.790 


3.295 


120 


2.857 


2.862 


2.905 


3.242 


140 


2.993 


2.996 


3.026 


3.264 


160 


3.108 


3.111 


3.135 


3.326 


180 


3.204 


3.206 


3.226 


3.377 


200 


3.280 


3.282 


3.296 


3.413 


220 


3.340 


3.341 


3.355 


3.454 


240 


3.387 


3.388 


3.399 


3.486 


260 


3.424 


3.425 


3.433 


3.504 


280 


3.450 


3.451 


3.458 


3:516 


300 


3.469 


3.470 


3.476 


3.526 


320 


3.483 


3.484 


3.489 


3.532 


340 


3.494 


3.495 


3.499 


3.536 


360 


3.501 


3 502 


3.506 


3.539 


380 


3.507 


3.508 


3.510 


3.539 


400 


3.510 


3.511 


3.514 


3.539 


420 


3.513 


3.514 


3.516 


3.539 


440 


3.515 


3.516 


3.518 


3:538 


460 


3.516 


3.517 


3.519 


3.538 


480 


3.518 


3.518 


3.520 


3.537 


500 


3.519 


3.519 


3.521 


3.536 


520 


3.521 


3.521 


3.523 


3 536 


540 


3.522 


3.522 


3.524 


3.536 


560 


3.524. 


3.524 


3.526 


3.536 


580 


3.525 


3.525 


3.527 


3.536 


600 


3.527 


3.527 


3.529 


3.536 
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Table 4h-21. Enthalpy of Hydrogen, (H - Eo°)/RT 



°K 


0.01 atm 


0.1 atm 


1 atm 


10 atm 


100 atm 


60 


1.0175 


1.0172 


1.0142 


0.9833 


0.7818 


80 


1.2042 


1.2040 


1.2021 


1 . 1837 


1.0577 


100 


1.3981 


1.3980 


1.3968 


1.3852 


1.3059 


120 


1 . 6020 


1.6020 


1.6012 


1.5936 


1 . 5449 


140 


1.8163 


1.8163 


1.8158 


1.8108 


1.7825 


160 


2.0398 


2.0398 


2.0394 


2.0365 


2.0234 


180 


2.2710 


2.2710 


2.2708 


2.2695 


2.2690 


200 


2.5085 


2.5085 


2.5084 


2.5083 


2.5178 


220 


2.7509 


2.7509 


2.7510 


2.7519 


2.7692 


240 


2.9973 


2.9973 


2.9975 


2.9993 


3 . 0236 


260 


3.2467 


3.2467 


3.2470 


3.2495 


3.2792 


280 


3.4983 


3.4984 


3.4986 


3.5017 


3 . 5363 


300 


3.7517 


3.7517 


3.7521 


3.7556 


3.7941 


320 


4.0063 


4.0063 


4.0067 


4.0106 


4.0525 


340 


4.2617 


4.2617 


4.2622 


4.2664 


4.3114 


360 


4.5178 


4.5178 


4.5183 


4.5229 


4.5705 


380 


4.7743 


4.7744 


4.7748 


4.7797 


4.8296 


400 


5.0312 


5.0312 


5.0317 


5.0368 


5.0887 


420 


5.2883 


5.2883 


5.2889 


5.2941 


5.3478 


440 


5.5455 


5.5456 


5.5461 


5.5516 


5.6067 


460 


5.8029 


5.8030 


5.8035 


5.8091 


5.8659 


480 


6.0604 


6.0605 


6.0610 


6.0669 


6.1249 


500 


6.3180 


6.3181 


6.3187 


6.3246 


6.3839 


520 


6.5757 


6.5758 


6.5764 


6.5824 


6.6427 


540 


6.8335 


6.8336 


6.8342 


6.8404 


6.9015 


560 


7.0915 


7.0915 


7.0921 


7.0984 


7.1606 


580 


7.3495 


7.3496 


7.3502 


7.3565 


7.4194 


600 


7.6077 


7.6078 


7.6084 


7.6147 


7.6784 
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Table 4h-22. Entropy of Hydrogen, S/R 
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T, °K 


0.01 atm 


0.1 atm 


1 atm 


10 atm 


100 atm 


60 


15.554 


13.251 


10.938 


8.535 


5.557 


80 


16.287 


13.984 


11.676 


9.324 


6.642 


100 


16.878 


14.575 


12.269 


9.937 


7.400 


120 


17.386 


15.083 


12.778 


10.456 


7.996 


140 


17.836 


15.533 


13.229 


10.913 


8.496 


160 


18.244 


15.941 


13.637 


11.324 


8.935 


180 


18.616 


16.313 


14.009 


11.699 


9.331 


200 


18.958 


16.655 


14.352 


12.043 


9.688 


220 


19.273 


16.970 


14.667 


12.359 


10.015 


240 


19.566 


17.263 


14.960 


12.653 


10.317 


260 


19.838 


17.535 


15.232 


12.926 


10.596 


280 


20.093 


17.790 


15.487 


13.182 


10.857 


300 


20.331 


18.029 


15.726 


13.421 


11.100 


320 


20.556 


18.254 


15.951 


13.646 


11.328 


340 


20.768 


18.465 


16.162 


13.858 


11.542 


360 


20.967 


18.665 


16.362 


14.058 


11.744 


380 


21.157 
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16.552 
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21.337 


19.034 


16.731 


14.428 


12.117 


420 
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440 


21.671 
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22.121 
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520 
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13.046 


540 
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20.090 
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560 
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18.158 


15.856 


13.552 
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Fig. 4h-2. Temperature-entropy diagram for hydrogen. (Woolley, Scott, and Brickwedde.) 
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Fig. 4h-3. Temperature-entropy diagram for hydrogen. (Continued) 
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Fig. 4h-4. Temperature-entropy diagram for hydrogen. (Continued) 
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Table 4h-23. Compressibility Factor for Nitrogen, Z = PV/RT 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


0.981 


0.909 


0.783 










200 


0.99788 


0.99150 


0.98514 


0.9788 


0.9185 


0.8705 


0.844 


300 


0.99982 


0.99930 


0.99882 


0.99838 


0.9962 


0.9984 


1.0054 


400 


1.00028 


1.00113 


1.00201 


1.00290 


1.01292 


1.0248 


1 0383 


500 


1.00041 


1.00164 


1.00289 


1.00414 


1.01726 


1.0313 


1.0461 


600 


1.00044 


1.00174 


1.00306 


1.00439 


1.01795 


1.0320 


1 0465 


700 


1.00043 


1.00171 


1.00301 


1.00430 


1.01744 


1.0309 


1.0446 


800 


1.00041 


1.00163 


1.00286 


1.00409 


1.0165 


1.0292 


1.0420 


900 


1.00038 


1.00154 


1.00269 


1.00384 


1.0155 


1.0273 


1.0391 


1000 


1.00036 


1.00144 


1.00252 


1.00360 


1.0145 


1.0255 


1.0365 


1100 


1.00034 


1.00135 


1.00236 


1.00337 


1.0135 


1.0238 


1.0341 


1200 


1.00032 


1.00126 


1.00221 


1.00316 


1.0127 


1 0223 


1.0319 


1300 


1.00030 


1.00119 


1.00208 


1.00297 


1.0119 


1.0209 


1.0299 


1400 


1.00028 


1.00112 


1.00195 


1 . 00279 


1.0112 


1.0196 


1.0280 


1500 


1.00026 


1.00105 


1.00184 


1.00263 


1.0105 


1.0185 


1.0264 


1600 


1.00025 


1.00100 


1.00174 


1.00249 


1.0100 


1.0175 


1.0250 


1700 


1.00024 


1.00094 


1.00165 


1.00235 


1.0094 


1.0165 


1.0236 


1800 


1.00022 


1.00089 


1.00156 


1.00223 


1.0089 


1.0156 


1 .0223 


1900 


1.00021 


1.00085 


1.00148 


1.00212 


1.0085 


1.0148 


1 .0212 


2000 


1 .00020 


1.00081 


1.00141 


1.00202 


1.0081 


1.0141 


1 0202 


2100 


1.00019 


1.00077 


1.00135 


1.00193 


1.0077 


1.0135 


1.0193 


2200 


1.00018 


1.00074 


1.00129 


1.00184 


1.0074 


1.0129 


1.0184 


2300 


1.00018 


1.00070 


1.00123 


1.00176 


1.0070 


1.0123 


1.0176 


2400 


1.00017 


1.00068 


1.00118 


1.00169 


1.0068 


1.0118 


1.0169 


2500 


1.00016 


1.00065 


1. 001 13 


1.00162 


1.0065 


1.0113 


1 .0162 


2600 


1.00016 


1.00062 


1.00109 


1.00156 


1.0062 


1.0109 


1.0156 


2700 


1.00015 


1.00060 


1.00105 


1.00150 


1.0060 


1.0105 


1.0150 


2800 


1.00015 


1.00058 


1.00102 


1.00145 


1.0058 


1.0102 


1.0145 


2900 


1.00014 


1.00056 


1.00097 


1.00139 


1.0056 


1.0097 


1.0139 


3000 


1.00014 


1.00054 


1.00095 


1.00135 


1.0054 


1.0095 


1.0135 



4-104 HEAT 

Table 4h-24. Relative Density of Nitrogen, p/p 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


2.783 


12.010 


24.40 










200 


1.36809 


5.50755 


9.7004 


13.947 


59.45 


109.77 


161.7 


300 


0.91029 


3.64304 


6.3783 


9.1160 


36.543 


63.810 


90.523 


400 


0.68240 


2.72729 


4.76856 


6.8061 


26.955 


46,625 


65.741 


500 


0.54585 


2.18072 


3.81150 


5.4382 


21.472 


37.065 


52.200 


600 


0.45486 


1.81708 


3.17571 


4.5307 


17.881 


30.866 


43.484 


700 


0.38989 


1.55755 


2.72218 


3.8838 


15.334 


26.485 


37.339 


800 


0.34116 


1.36296 


2.38226 


3.3990 


13.429 


23.212 


32.754 


900 


0.30326 


1.21163 


2.11792 


3.0223 


11.949 


20.673 


29.195 


1000 


0.27294 


1.09058 


1.90645 


2.7206 


10.765 


18.631 


26.342 


1100 


0.24813 


0.99152 


1.73342 


2.4737 


9.796 


16.971 


24.003 


1200 


0.22746 


0.90898 


1.58920 


2.2681 


8.987 


15.579 


22.049 


1300 


0.20997 


0.83912 


1.46715 


2.0940 


8.302 


14.401 


20.393 


1400 


0.19497 


0.77923 


1.36253 


1.9448 


7.714 


13.389 


18.971 


1500 


0.18198 


0.7273a 


1.27183 


1.8155 


7.205 


12.510 


17.734 


1600 


0.17061 


0.68191 


1.19246 


1.7022 


6.758 


11.739 


16.648 


1700 


0.16057 


0.64184 


1 . 12242 


1.6023 


6.364 


11.060 


15.690 


1800 


0.15165 


0.60621 


1.06016 


1.5135 


6.014 


10.455 


14.837 


1900 


0.14367 


0.57433 


1.00444 


1.4340 


5.699 


9.912 


14.072 


2000 


0.13649 


0.54563 


0.95428 


1.3625 


5.416 


9.423 


13.381 


2100 


0.12999 


0.51967 


0.90890 


1.2977 


5.161 


8.980 


12.755 


2200 


0.12409 


0.49606 


0.86763 


1.2388 


4.927 


8.576 


12.186 


2300 


0.11869 


0.47451 


0.82996 


1 .1850 


4.715 


8.208 


11.665 


2400 


0.11375 


0.45475 


0.79542 


1 . 1357 


4.519 


7.870 


11.187 


2500 


0.10920 


0.43658 


0.76364 


1.0904 


4.340 


7.559 


10.747 


2600 


0.10500 


0.41980 


0.73430 


1.0485 


4.174 


7.271 


10.340 


2700 


0.10111 


0.40426 


0.70713 


1.0097 


4.020 


7.005 


9.963 


2800 


0.09750 


0.38983 


0.68190 


0.9737 


3.878 


6.757 


9.611 


2900 


0.09414 


0.37639 


0.65842 


0.9402 


3.745 


6.527 


9.286 


3000 


0.09100 


0.36385 


0.63648 


0.9089 


3.620 


6.310 


8.980 



THERMODYNAMIC PROPERTIES OF GASES 
Table 4h-25. Specific Heat of Nitrogen, C v /R 



4^105 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


3.613 














200 


3 5146 


3.5569 


3.6009 


3.6466 


4.1865 


4.860 


5,64 


300 


3.5083 


3.5243 


3.5404 


3,5565 


3.7195 


3.878 


4.021 


400 


3.5207 


3.5289 


3.5372 


3.5454 


3.6260 


3.7023 


3.773 


500 


3 .5595 


3.5645 


3.5694 


3.5744 


3.6225 


3.6680 


3.7104 


600 


3.6225 


3.6258 


3.6292 


3.6324 


3.6642 


3.6944 


3.7229 


700 


3.6998 


3.7021 


3.7045 


3.7067 


3.7293 


3.7506 


3.7709 


800 


3.7812 


3.7829 


3.7846 


3.7863 


3.8029 


3.8188 


3.8338 


900 


3.8600 


3.8614 


3.8627 


3.8640 


3.8766 


3.8888 


3.9004 


1000 


3.9329 


3.9340 


3.9350 


3.9361 


3.9460 


3.9556 


3.9647 


1100 


3.9985 


3.9993 


4.0001 


4.0010 


4.0089 


4.0166 


4.0239 


1200 


4.0564 


4.0571 


4 0578 


4.0584 


4.0649 


4,0712 


4.0772 


1300 


4.1074 


4.1079 


4.1085 


4.1091 


4.1144 


4.1197 


4.1247 


1400 


4.1520 


4.1524 


4.1529 


4.1533 


4.1578 


4.1621 


4.1663 


1500 


4.1910 


4.1914 


4.1918 


4.1922 


4.1960 


4. 1995 


4.2031 


1600 


4.2253 


4.2256 


4.2260 


4.2263 


4.2295 


4.2326 


4.2356 


1700 


4.2555 


4.2558 


4.2561 


4.2563 


4.2591 


4.2618 


4.2644 


1800 


4.2822 


4.2824 


4.2827 


4.2829 


4.2852 


4.2875 


4.2896 


1900 


4.3058 


4.3060 


4.3062 


4.3064 


4.3084 


4.3103 


4.3122 


2000 


4.3269 


4.3270 


4.3272 


4.3274 


4.3292 


4.3309 


4.3325 


2100 


4.3458 


4.3459 


4.3461 


4.3462 


4.3478 


4.3492 


4.3507 


2200 


4.3627 


4.3629 


4.3630 


4.3632 


4.3645 


4.3658 


4.3671 


2300 


4:3780 


4.3782 


4.3783 


4.3784 


4.3796 


4.3807 


4.3818 


2400 


4.3920 


4.3921 


4.3922 


4.3924 


4 3934 


4.3944 


4.3953 


2500 


4.4047 


4.4048 


4.4049 


4.4050 


4.4059 


4.4068 


4.4076 


2600 


4.4163 


4.4164 


4.4165 


4.4166 


4.4174 


4.4182 


4.4189 


2700 


4.4270 


4.4271 


4.4272 


4.4272 


4.4280 


4.4287 


4.4293 


2800 


4.4369 


4.4370 


4.4370 


4.4371 


4.4377 


4.4384 


4.4389 


2900 


4.4460 


4.4461 


4.4461 


4.4462 


4.4467 


4.4473 


4.4478 


3000 


4.4545 


4.4546 


4.4546 


4.4547 


4.4551 


4.4556 


4.4561 
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Table 4h-26. Enthalpy of Nitrogen, (H — E °)/RT 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


1.2589 














200 


2.5535 


2.5358 


2.5179 


2.4999 


2.3140 


2.125 


1.94 


300 


3 . 8385 


3.8302 


3.8221 


3.8140 


3.7351 


3.662 


3.596 


400 


5.1244 


5.1203 


5.1164 


5.1125 


5.0756 


5.0426 


5.013 


500 


6.4194 


6.4178 


6.4162 


6.4147 


6.4005 


6.3891 


6.3802 


600 


7 . 7334 


7.7333 


7.7332 


7.7331 


7.7332 


7.7354 


7.7393 


700 


9.0735 


9.0744 


9.0752 


9.0762 


9.0861 


9.0977 


9.1103 


800 


10.4428 


10.4444 


10.4460 


10.4477 


10.4647 


10.4829 


10.5020 


900 


11.8416 


11.8438 


11.8459 


11 ,8482 . 


11,8705 


11.8937 


11.9177 


1000 


13.2683 


13.2708 


13.2734 


13.2760 


13.3025 


13.3296 


13.3573 


1100 


14.7203 


14.7232 


14.7261 


14.7290 


14.7588 


14.7891 


14.8197 


1200 


16. 1950 


16.1982 


16.2014 


16.2046 


16.2369 


16.2697 


16.3029 


1300 


17.6894 


17.6929 


17.6963 


17.6997 


17.7343 


17.7691 


17.8043 


1400 


19.2014 


19.2050 


19.2086 


19.2122 


19.2486 


19.2851 


19.3221 


1500 


20.7288 


20.7325 


20.7363 


20.7400 


20.7779 


20.8159 


20.8542 


1600 


22.2695 


22.2734 


22.2773 


22.2812 


22.3203 


22.3597 


22.3992 


1700 


23.8219 


23.8259 


23.8299 


23.8340 


23.8742 


23.9146 


23.9550 


1800 


25.3848 


25.3889 


25.3930 


25.3971 


25.4382 


25.4795 


25.5209 


1900 


26.9568 


26.9610 


26.9652 


26.9693 


27.0113 


27.0533 


27.0954 


2000 


28.5370 


28.5413 


28.5455 


28.5498 


28.5924 


28.6352 


28.6779 


2100 


30.1246 


30.1290 


30.1333 


30.1376 


30.1808 


30.2241 


30.2674 


2200 


31.7187 


31.7230 


31.7274 


31.7318 


31.7755 


31.8193 


31.8632 


2300 


33.3187 


33.3231 


33.3275 


33.3319 


33.3761 


33.4203 


33.4647 


2400 


34.9240 


34.9284 


34.9329 


34.9374 


34.9819 


35.0266 


35.0712 


2500 


36.5342 


36.5387 


36.5432 


36.5477 


36.5926 


36.6377 


36:6827 


2600 


38.1488 


38.1533 


38.1579 


38.1624 


38.2076 


38.2530 


38.2983 


2700 


39.7676 


39.7722 


39.7767 


39.7813 


39.8268 


39.8723 


39.9179 


2800 


41.3901 


41.3947 


41.3993 


41.4039 


41.4496 


41.4954 


41.5413 


2900 


43.0160 


43.0206 


43.0252 


43.0298 


43.0758 


43.1218 


43.1678 


3000 


44.6452 


44.6499 


44.6545 


44.6591 


44.7053 


44.7514 


44.7976 



THERMODYNAMIC PROPERTIES OF GASES 
Table 4h-27. Entropy of Nitrogen, S/R 



4r-l07 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


19.1705 


17.607 


16.55 










200 


21.6249 


20.2208 


19.6431 


19.2682 


17.6905 


16.932 


16.382 


300 


23.0482 


21.6549 


21.0884 


20.7248 


19.2706 


18.6461 


18.230 


400 


24.0586 


22.6687 


22.1055 


21.7454 


20.3246 


19.7322 


19.3448 


500 


24.8479 


23.4595 


22.8977 


22.5390 


21 . 1322 


20.5532 


20.1781 


600 


25.5020 


24.1144 


23.5534 


23 . 1953 


21.7958 


21.2236 


20.8548 


700 


26.0662 


24.6790 


24.1184 


23.7607 


22.3654 


21.7970 


21.4319 


800 


26.5656 


25.1786 


24.6183 


24.2609 


22.8682 


22.3022 


21.9396 


900 


27.0154 


25.6286 


25.0685 


24.7113 


23.3203 


22.7561 


22.3949 


1000 


27.4260 


26.0393 


25.4793 


25.1223 


23.7323 


23.1693 


22.8094 


1100 


27.8039 


26.4173 


25.8574 


25.5004 


24.1114 


23.5491 


23.1899 


1200 


28.1543 


26.7678 


26.2080 


25.8511 


24.4627 


23.9010 


23.5424 


1300 


28.4811 


27.0947 


26.5349 


26.1780 


24.7901 


24.2289 


23.8707 


1400 


28.7872 


27.4007 


26.8410 


26.4842 


25.0965 


24.5357 


24.1779 


1500 


29.0751 


27.6887 


27.1290 


26.7721 


25.3848 


24.8242 


24.4666 


1600 


29.3467 


27.9603 


27.4006 


27.0438 


25.6567 


25.0964 


24.7390 


1700 


29.6037 


28.2173 


27.6577 


27.3009 


25.9140 


25.3537 


24.9965 


1800 


29.8477 


28.4613 


27.9017 


27.5449 


26.1582 


25.5981 


25.2410 


1900 


30.0799 


28.6936 


28.1339 


27.7772 


26.3905 


25.8306 


25.4736 


2000 


30.3013 


28.9150 


28.3553 


27.9986 


26.6120 


26.0522 


25.6953 


2100 


30.5129 


29.1266 


28.5670 


28.2102 


26.8238 


26.2640 


25.9072 


2200 


30.7154 


29.3291 


28.7695 


28.4128 


27.0264 


26.4667 


26.1100 


2300 


30.9097 


29.5234 


28.9638 


28.6071 


27.2207 


26.6611 


26.3043 


2400 


31.0963 


29.7100 


29.1504 


28.7937 


27.4074 


26.8478 


26.4911 


2500 


31.2759 


29.8896 


29.3300 


28.9733 


27.5870 


27.0275 


26.6708 


2600 


31.4488 


30.0625 


29.5029 


29.1462 


27.7600 


27.2004 


26.8438 


2700 


31.6157 


30.2294 


29.6698 


29.3131 


27.9269 


27.3674 


27.0108 


2800 


31.7769 


30.3906 


29.8310 


29.4743 


28.0882 


27.5287 


27.1721 


2900 


31.9327 


30.5464 


29.9868 


29.6301 


28.2440 


27.6846 


27.3280 


3000 


32.0836 


30.6973 


30.1377 


29 . 7810 


28.3949 


27.8355 


27.4790 



4-108 HEAT 

Table 4h-28. Compressibility Factor for Oxygen, Z = PV/RT 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


0.97724 














200 


0.99701 


0.98796 


0.97880 


0.96956 


0.8734 


0.7764 


0,6871 


300 


0.99939 


0.99759 


0.99580 


0.99402 


0.97731 


0.9636 


0.9541 


400 


1.00001 


1.00006 


1.00012 


1.00019 


1.00161 


1.0042 


1.0079 


500 


1.00022 


1.00088 


1.00154 


1.00222 


1.00942 


1.0173 


1.0256 


600 


1. 00029 


1.00116 


1.00204 


1.00292 


1.01205 


1.0216 


1.0314 


700 


1.00031 


1.00124 


1.00218 


1.00312 


1.01275 


1.0227 


1.0328 


800 


1.00031 


1.00124 


1.00218 


1.00311 


1.01265 


1.0224 


1.0323 


900 


1.00030 


1.00121 


1.00211 


1.00302 


1.01223 


1.0216 


1.0312 


1000 


1.00029 


1.00115 


1.00202 


1.00288 


1.01167 


1.0206 


1.0296 


1100 


1.00027 


1.00109 


1.00192 


1.00274 


1.01107 


1.0195 


1.0281 


1200 


1.00026 


1.00104 


1.00182 


1.00260 


1.01047 


1.0184 


1.0265 


1300 


1.00025 


1.00098 


1.00172 


1.00246 


1.00991 


1.0174 


1.0250 


1400 


1.00023 


1.00093 


1.00163 


1 .00233 


1.00938 


1.0165 


1.0237 


1500 


1 00022 


1.00088 


1.00155 


1.00221 


1.00890 


1.0156 


1.0224 


1600 


1.00021 


1.00084 


1.00147 


1.00210 


1.00845 


1.0149 


1.0213 


1700 


1.00020 


1.00080 


1.00140 


1.00200 


1.00803 


1.0141 


1.0202 


1800 


1.00019 


1.00076 


1.00133 


1.00190 


1.00765 


1.0134 


1.0193 


1900 


1.00018 


1.00072 


1.00127 


1.00181 


1.00728 


1.0128 


1.0183 


2000 


1.00017 


1.00069 


1.00121 


1.00173 


1.00696 


1.0122 


1.0175 


2100 


1.00017 


1.00066 


1.00116 


1 .00166 


1.00666 


1 .0117 


1.0167 


2200 


1.00016 


1.00063 


1.00111 


1.00159 


1.00638 


1.0112 


1.0161 


2300 


1.00015 


1.00061 


1.00107 


1.00152 


1.00610 


1.0107 


1.0153 


2400 


1.00015 


1.00058 


1.00102 


1.00146 


1.00586 


1.0103 


1.0147 


2500 


1.00014 


1.00056 


1.00098 


1.00141 


1.00564 


1.0099 


1.0142 


2600 


1.00014 


1.00054 


1.00095 


1.00135 


1.00543 


1.0095 


1.0136 


2700 


1.00013 


1.00052 


1.00091 


1.00130 


1.00523 


1.0092 


1.0131 


2800 


1.00013 


1.00050 


1.00088 


1.00126 


1.00505 


1.0089 


1.0127 


2900 


1.00012 


1.00049 


1.00085 


1.00122 


1.00488 


1.0086 


1.0122 


3000 


1.00012 


1.00047 


1.00082 


1.00117 


1.00471 


1.0083 


1.0118 



THERMODYNAMIC PROPERTIES OF GASES 
Table 4h-29. Relative Density of Oxygen, p/p 



4W09 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


2.79257 














200 


1.36860 


5.5245 


9.7584 


14.073 


62.4 


123 


198.5 


300 


0.91023 


3.6474 


6.39455 


9.151 


37.231 


66.082 


95.34 


400 


0.68225 


2.72885 


4.77519 


6.8212 


27.246 


47.557 


67.69 


500 


0.54568 


2.18129 


3.81474 


5.4459 


21 . 628 


37.556 


53.217 


600 


0.45470 


1.81723 


3.17736 


4.5351 


17.9767 


31.165 


44.098 


700 


0.38974 


1 .55750 


2.72307 


3.8864 


15.3980 


26.684 


37.747 


800 


0.34102 


1.36282 


2.38269 


3.4006 


13.4746 


23.355 


33.045 


900 


0.30313 


1.21143 


2.11809 


3.0231 


11.9823 


20.776 


29.404 


1000 


0.27282 


1.09035 


1.90646 


2.7211 


10.7901 


18.717 


26.505 


1100 


0.24802 


0.99129 


1.73331 


2.4741 


9.8150 


17.034 


24.131 


1200 


0.22736 


0.90872 


1.58903 


2.26828 


9.0024 


15.631 


22.154 


1300 


0.20987 


0.83887 


1.46694 


2.09409 


8.3145 


14.443 


20.480 


1400 


0.19488 


0.77899 


1.36228 


1.94476 


7.7247 


13.423 


19.041 


1500 


0.18189 


0.72710 


1.27157 


1.81533 


7.2131 


12.539 


17.794 


1600 


0.17053 


0.68168 


1.19219 


1.70206 


6.7653 


11.764 


16.700 


1700 


0.16050 


0.64161 


1 . 12214 


1.60210 


6.3700 


11.080 


15.735 


1800 


0.15158 


0.60599 


1.05987 


1.51324 


6.0184 


10.472 


14.874 


1900 


0.14361 


0.57412 


1.00415 


1.43373 


5.7037 


9.927 


14.105 


2000 


0.13643 


0.54543 


0.95400 


1.36215 


5.4202 


9.436 


13.410 


2100 


0.12993 


0.51947 


0.90862 


1.29737 


5.1637 


8.991 


12.781 


2200 


0.12403 


0.49587 


0.86736 


1.23849 


4.9303 


8. 587 


12.208 


2300 


0.11863 


0.47432 


0.82968 


1 . 18473 


4.7173 


8.217 


11.686 


2400 


0.11369 


0.45457 


0.79515 


1.13543 


4.5218 


7.878 


11,206 


2500 


0.10915 


0.43640 


0.76337 


1.09007 


4.3419 


7.566 


10,763 


2600 


0.10495 


0.41962 


0.73404 


1.04820 


4.1758 


7.278 


10.355 


2700 


0.10106 


0.40409 


0.70688 


1.00943 


4.0219 


7.Q10 


9.976 


2800 


0.09745 


0.38966 


0.68165 


0.97342 


3.8790 


6.762 


9.624 


2900 


0.09409 


0.37623 


0.65817 


0.93989 


3.7458 


6.531 


9.296 


3000 


0.09096 


0.36370 


0.63625 


0.90861 


3.6216 


6.315 


8.990 



4-110 HEAT 

Table 4h-30. Specific Heat of Oxygen, C p /R 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


200 


3.519 


3.5681 


3.6196 


3.6739 


4.415 


5.66 


7.6 


300 


3.5403 


3.5584 


3.5766 


3.5951 


3.7862 


3.981 


4.165 


400 


3.6243 


3.6335 


3.6427 


a. 6520 


3.7453 


3.836 


3.921 . 


500 


3.7415 


3.7470 


3.7526 


3.7582 


3.8134 


3.8677 


3.920 


600 


3.8611 


3.8648 


3.8685 


3.8722 


3.9087 


3.9445 


3.980 


700 


3.9681 


3.9707 


3.9733 


3.9759 


4.0016 


4.0266 


4.052 


800 


4.0583 


4.0603 


4.0622 


4.0641 


4.0830 


4.1017 


4.120 


900 


4.1332 


4.1347 


4.1361 


4.1376 


4.1521 


4.1664 


4.180 


1000 


4.1952 


4.1964 


4.1975 


4.1987 


4.2101 


4.2213 


4.232 


1100 


4.2472 


4.2481 


4.2491 


4.2500 


4.2591 


4.2681 


4.277 


1200 


4.2915 


4.2922 


4.2930 


4.2937 


4.3012 


4.3085 


4.316 


1300 


4.3302 


4.3308 


4.3315 


4.3321 


4.3382 


4.3442 


4.350 


1400 


4.3653 


4.3658 


4.3663 


4.3669 


4.3721 


4.3771 


4.382 


1500 


4.3976 


4.3981 


4.3985 


4.3990 


4.4034 


4.4076 


4.412 


1600 


4.4283 


4.4287 


4.4291 


4.4295 


4.4332 


4.4369 


4.440 


1700 


4.4579 


4.4582 


4.4586 


4.4589 


4.4621 , 


4.4652 


4.468 


1800 


4.4869 


4.4872 


4.4875 


4.4878 


4.4905 


4.4933 


4.496 


1900 


4.5154 


4.5156 


4.5159 


4.5161 


4.5185 


4.5209 


4.523 


2000 


4.5437 


4.5439 


4.5441 


4.5443 


4.5464 


4.5485 


4.551 


2100 


4.5716 


4.5717 


4.5719 


4.5721 


4.5739 


4.5758 


4.578 


2200 


4.5993 


4.5995 


4.5997 


4.5999 


4.6016 


'4.6032 


4.605 


2300 


4.6268 


4.6269 


4.6271 


4.6272 


4.6287 


4.6301 


4.631 


2400 


4.6540 


4.6542 


4.6543 


4.6544 


4.6558 


4.6570 


4.658 


2500 


4.6808 


4.6810 


4.6811 


4.6812 


4.6824 


4.6835 


4.685 


2600 


4.7071 


4.7072 


4.7073 


4.7074 


4.7085 


4.7095 


4.710 


2700 


4.7328 


4.7329 


4.7330 


4.7331 


4.7341 


4.7349 


4.736 


2800 


4.7579 


4.7580 


4.7581 


4.7582 


4.7590 


4.7598 


4.761 


2900 


4.7824 


4.7825 


4.7826 


4.7826 


4.7834 


4.7841 


4.785 


3000 


4.8062 


4.8063 


4.8064 


4.8064 


4.8072 


4.8077 


4.808 



THERMODYNAMIC PROPERTIES OF GASES 
Table 4h-31. Enthalpy of Oxygen, (H - E °)/RT 



4-111 



T, °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atmi 


70 atm 


100 atm 


100 


1.254 














200 


2.5523 


2.5308 


2.5091 


2.4871 


2.248 


1.972 


1.659 


300 


3.8424 


3.8319 


3.8213 


3.8108 


3.705 


3.602 


3.505 


400 


5.1523 


5.1464 


5.1406 


5.1349 


5.078 


5.023 


4.971 


500 


6.5000 


6.4968 


6.4936 


6.4905 


6.460 


6.431 


6.403 


600 


7.8919 


7.8903 


7.8888 


7.8873 


7.873 


7.860 


7.848 


700 


9.3254 


9.3250 


9.3245 


9.3242 


9.321 


9.319 


9.318 


800 


10.7951 


10.7956 


10.7960 


10.7965 


10.802 


10.807 


10.814 


900 


12.2949 


12.2960 


12.2970 


12.2981 


12.309 


12.321 


12.333 


1000 


13.8198 


13.8213 


13.8228 


13.8243 


13.840 


13.857 


13.874 


1100 


15.3653 


15.3672 


15.3691 


15.3710 


15.391 


15.411 


15.431 


1200 


16.9285 


16.9307 


16.9329 


16.9351 


16.958 


16.981 


17.004 


1300 


18.5067 


18.5092 


18.5116 


18.5141 


18.539 


18.565 


18.591 


1400 


20.0985 


20.1012 


20.1038 


20.1065 


20.134 


20.161 


20.189 


1500 


21.7025 


21.7054 


21.7082 


21.7111 


21.740 


21.769 


21.799 


1600 


23.3181 


23.3211 


23.3241 


23.3271 


23.358 


23.388 


23.419 


1700 


24.9447 


24.9479 


24.9510 


24.9541 


24.986 


25.018 


25.050 


1800 


26.5820 


26.5852 


26.5885 


26.5917 


26.625 


26.658 


26.691 


1900 


28.2299 


28.2333 


28.2366 


28.2399 


28.274 


28.308 


28.342 


2000 


29.8880 


29.8915 


29.8949 


29.8983 


29.933 


29.968 


30.003 


2100 


31.5566 


31.5601 


31.5636 


31.5671 


31.602 


31.638 


31.674 


2200 


33.2353 


33.2389 


33.2424 


33.2460 


33.282 


33.318 


33.355 


2300 


34.9239 


34.9275 


34.9312 


34.9348 


34.971 


35.008 


35.045 


2400 


36.6229 


36.6266 


36.6303 


36.6340 


36.671 


36.708 


36.745 


2500 


38.3314 


38.3352 


38.3389 


38.3426 


38.380 


38.418 


38.455 


2600 


40.0500 


40.0537 


40.0575 


40.0613 


40.099 


40.137 


40.175 


2700 


41.7778 


41.7816 


41.7854 


41.7892 


41.827 


41.866 


41.904 


2800 


43.5151 


43.5189 


43.5227 


43.5266 


43.565 


43.604 


43.643 


2900 


45.2614 


45.2653 


45.2691 


45.2730 


45.312 


45.351 


45.390 


3000 


47.0165 


47.0204 


47.0243 


47.0282 


47.067 


47.107 


47.146 



4-112 



HEAT 
Table 4h-32. Entropy of Oxygen, S/R 



7\ °K 


1 atm 


4 atm 


7 atm 


10 atm 


40 atm 


70 atm 


100 atm 


100 


20.794 














200 


23.2553 


21.8488 


21.2686 


20.8908 


19.2709 


18.431 


17.74 


300 


24 . 6839 


23.2899 


22.7224 


22.3579 


20.8928 


20.2555 


19.825 


400 


25.7127 


24.3224 


23.7587 


23.3980 


21.9719 


21.3733 


20.9789 


500 


26.5337 


25.1450 


24.5830 


24.2239 


22.8139 


22.2311 


21.8517 


600 


27.2266 


25.8387 


25.2775 


24.9193 


23.5176 


22.9429 


22.5712 


700 


27.8299 


26.4425 


25.8819 


25.5241 


24.1272 


23.5571 


23 . 1900 


800 


28.3659 


26.9788 


26.4185 


26.0610 


24.6670 


24.0999 


23.7357 


900 


28.8484 


27.4615 


26.9013 


26.5440 


25 . 1521 


24.5869 


24.2246 


1000 


29.2872 


27.9005 


27.3404 


26.9833 


25.5926 


25.0287 


24.6678 


1100 


29.6896 


28.3029 


27.7430 


27.3859 


25.9963 


25. 4334 


25.0733 


1200 


30.0610 


28.6744 


28.1146 


27.7576 


26.3685 


25.8064 


25.4471 


1300 


30.4061 


29.0196 


28.4598 


28.1029 


26.7144 


26 . 1527 


25.7939 


1400 


30.7283 


29.3419 


28.7821 


28.4252 


27.0372 


26.4760 


26.1176 


1500 


31.0307 


29.6442 


29.0845 


28.7276 


27.3399 


26.7790 


26.4209 


1600 


31.3155 


29.9290 


29.3693 


29.0125 


27.6250 


27.0644 


26.7067 


1700 


31.5848 


30.1984 


29.6387 


29.2819 


27.8946 


27.3342 


26,9766 


1800 


31.8404 


30.4540 


29.8943 


29.5375 


28.1505 


27.5902 


27,2328 


1900 


32.0838 


30.6974 


30.1377 


29.7810 


28.3941 


27.8339 


27,4767 


2000 


32.3161 


30.9297 


30.3701 


30.0133 


28.6265 


28.0664 


27.7094 


2100 


32.5385 


31.1521 


30.5925 


30.2358 


28.8490 


28.2890 


27.9320 


2200 


32.7518 


31.3655 


30.8058 


30.4491 


29.0625 


28.5025 


28.1456 


2300 


32.9568 


31.5705 


31.0108 


30.6541 


29.2675 


28.7077 


28.3508 


2400 


33.1543 


31.7680 


31.2083 


30.8516 


29.4651 


28.9053 


28.5485 


2500 


33.3449 


31.9586 


31.3990 


31.0422 


29.6558 


29.0960 


28.7393 


2600 


33.5289 


32.1426 


31.5830 


31.2263 


29.8399 


29.2802 


28.9235 


2700 


33.7071 


32.3208 


31.7612 


31.4045 


30.0181 


29.4585 


29.1018 


2800 


33.8796 


32.4933 


31.9337 


31.5770 


30.1907 


29.6310 


29.2744 


2900 


34.0470 


32.6607 


32.1011 


31.7444 


30.3581 


29.7985 


29.4419 


3000 


34.2096 


32.8233 


32.2637 


31.9070 


30.5207 


29.9612 


29.6047 
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Table 4h-33. Compressibility Factor for Steam, Z = PV/RT 



T, °K 1 atm 



380 
400 
420 
440 
460 

480 
500 
520 
540 
560 

580 
600 
620 
640 
660 

680 
700 
720 
740 
760 

780 
800 
820 
840 



0.98591 
0.98912 
0.99133 
0.99294 
0.99415 

0.99509 
0.99583 
0.99642 
0.99690 



10 atm 20 atm 



0.997300.97207 



0.99763 
0.99790 
0.99814 
0.99834 
0.99852 

0.99867 
0.99880 
0.99892 
0.99902 
0.99911 

0.99919 
0.99927 
0.99933 
0.99939 



0.93377 

0.94617 
0.95528 
0.96223 
0.96768 



0.97565 
0.97862 
0.98111 
0.98323 
0.98503 

0.98659 
0.98795 
0.98913 
0.99018 
0.99110 

0.99192 
0.99265 
0.99330 
0.99389 



0.90274 
0.91953 
0.93215 



40 atm 60 atm 80 atm 100 atm 120 atm 



0.94198 0.87379 



0.94983 
0.95622 
0.96152 
0.96596 
0.96969 

0.97292 
0.97570 
0.97813 
0.98026 
0.98213 



0.84838 



0.89295 
0.90792 
0.91995 
0.92980 
0.93787 

0.94472 
0.95060 
0.95568 
0.96011 
0.96399 



0.98379 0.96742 
0.98527 0.97045 



0.98659 
0.98778 



0,97315 
0.97556 



0.79031 

0.82692 
0.85386 
0.87462 
0.89115 
0.90432 

0.91530 
0.92463 
0.93263 
0.93955 
0.94558 

0.95086 
0.95553 
0.95966 
0.96335 



0.74683 
0.79194 
0.82458 
0.84955 
0.86877 

0.88451 
0.89772 
0.90893 
0.91854 
0.92688 

0.93413 
0.94051 
0.94614 
0.95113 



0.7180 
0.7682 
0.8043 
0.8309 

0.85218 
0.86977 
0.88453 
0.89708 
0.90787 

0.91722 
0.92538 
0.93256 
0.93891 



0.6214 
0.7025 
0.7542 
0.7902 

0.81809 
0.84068 
0.85939 
0.87513 
0.88855 

0.90011 
0.91015 
0.91893 
0.92667 



Table 4h-33. Compressibility Factor for Steam, Z = PV/RT (Continued) 



T, °K 


140 atm 


160 atm 


180 atm 


200 atm 


220 atm 


240 atm 


260 atm 


280 atm 


300 atm 


620 


0.6209 


















640 


0.6979 


0.6315 


0.5464 














660 


0.7461 


0.6975 


0.6428 


0.5790 


0.4987 


0.3751 








680 


0.78194 


0.7433 


0.7018 


0.6566 


0.6065 


0.5499 


0.484 


0.4066 


0.3323 


700 


0.81031 


0.77850 


0.74508 


0.70978 


0.6723 


0.6324 


0.5895 


0.5435 


0.4944 


720 


0.83343 


0.80660 


0.77882 


0.74999 


0.72005 


0.6889 


0.6565 


0.6227 


0,5876 


740 


0.85266 


0.82965 


0.80606 


0.78186 


0.75704 


0.7316 


0.7054 


0.6786 


0.6512 


760 


0.86891 


0.84892 


0.82859 


0.80790 


0.78684 


0.7654 


0.7436 


0.7215 


0.6990 


780 


0.88280 


0.86528 


0.84756 


0.82962 


0.81147 


0.7931 


0.7745 


0.7557 


0.7368 


800 


0.89480 


0.87933 


0.86375 


0.84804 


0.83220 


0.8162 


0.8001 


0.7839 


€.7676 


820 


0.90525 


0.89151 


0.87771 


0.86384 


0.84989 


0.8359 


0.8218 


0.8076 


0.7933 


840 


0.91442 


0,90214 


0.88985 


0.87752 


0.86515 


0.8527 


0.8403 


0.8278 


0.8152 
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Table 4h-34. Density of Steam, p in g/cm 3 



T, °K 



380 
400 
420 
440 
460 

480 
500 
520 
540 
560 

580 
600 
620 
640 
660 

680 
700 
720 
740 
760 

780 
800 
820 
840 



1 atm 



0.00058604 
0.00055493 
0.00052732 
0.00050254 
0.00048010 

0.00045966 
0.00044095 
0.00042374 
0.00040785 
0.00039313 

0.00037944 
0.00036670 
0.00035478 
0.00034363 
0.00033315 

0.00032331 
0.00031403 
0.00030527 
0.00029699 
0.00028915 

0.00028171 
0.00027464 
0.00026793 
0.00026154 



10 atm 



0.0051115 

0.0048343 
0.0045967 
0.0043880 
0.0042016 
0.0040333 

0.0038799 
0.0037392 
0.0036094 
0.0034891 
0.0033771 

0.0032726 
0.0031748 
0.0030829 
0.0029964 
0.0029148 

0.0028377 
0.0027648 
0.0026956 
0.0026298 



20 atm 40 atm 



0.0097284 
0.0091835 
0.0087236 
0.0083242 

0.0079708 
0.0076536 
0.0073659 
0.0071029 
0.0068611 

0.0066372 
0.0064292 
0.0062351 
0.0060534 
0.0058829 

0.0057224 
0.0055709 
0.0054278 
0.0052922 



0.01917 
0.017947 

0.016957 
0.016121 
0.015397 
0.014758 
0.014188 

0.013671 
0.013198 
0.012763 
0.012361 
0.011987 

0.011638 
0.011312 
0.011006 
0.010717 



60 atm 



0.029765 

0.027467 
0.025713 
0.024293 
0.023098 
0.022071 

0.021165 
0.020353 
0.019618 
0.018947 
0.018331 

0.017762 
0.017233 
0.016740 
0.016279 



80 atm 



0.040549 
0.036965 
0.034356 
0.032305 
0.030633 

0.029203 
0.027951 
0.026839 
0.025841 
0.024934 

0.024106 
0.023344 
0.022639 
0.021984 



Table 4h-34. Density of Steam, p in g/cm 3 (Continued) 



T, °K 


100 atm 


120 atm 


140 atm 


160 atm 


180 atm 


200 atm 


600 


0.05096 


0.07066 










620 


0.04610 


0.06049 


0.07985 








640 


0.04265 


0.05458 


0.06882 


0.08692 


0.113 




660 


0.040036 


0.05052 


0.06242 


0.07631 


0.09315 


0.1149 


680 


0.037888 


0.04736 


0.057808 


0.06949 


0.08281 


0.09835 


700 


0.036061 


0.044771 


0.054190 


0.064463 


0.075773 


0.088380 


720 


0.034475 


0.04258 


0.051224 


0.060489 


0.070477 


0.081318 


740 


0.033074 


0.040684 


0.048715 


0.057219 


0.066255 


0.075895 


760 


0.031820 


0.039015 


0.046546 


0.054448 


0.062757 


0.071516 


780 


0.030689 


0.037526 


0.044639 


0.052049 


0.059779 


0.067858 


800 


0.029658 


0.036184 


0.042939 


0.049937 


0.057192 


0.064724 


820 


0.028711 


0.034965 


0.041408 


0.048053 


0.054910 


0.061991 


840 


0.027838 


0.033847 


0.040017 


0.046357 


0.052871 


0.059572 
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Table 4h-34. Density of Steam, p in g/cm 3 (Continued) 



T, °K 


220 atm 


240 atm 


260 atm 


280 atm 


300 atm 


660 


0.1468 


0.2128 








680 


0.1171 


0.1409 


0.1734 


0.2223 


0.2915 


700 


0.1026 


0.1190 


0.1383 


0.1616 


0.1903 


720 


0.093169 


0.1062 


0.1208 


0.1371 


0.1557 


740 


0.086221 


0.09733 


0.1094 


0.1224 


0.1367 


760 


0.080773 


0.09058 


0.1010 


0.1121 


0.1240 


780 


0.076313 


0.08518 


0,09449 


0.1043 


0.1146 


800 


0.072552 


0.08070 


0.08918 


0.09803 


0.1073 


820 


0.069309 


0.07688 


0.08471 


0.09283 


0.1013 


840 


0.066465 


0.07357 


0.08037 


0.08841 


0.09619 



Table 4K-35. Specific Heat of Steam, C p /R 



T, °K 



380 
400 
420 
440 
460 

480 
500 
520 
540 
560 

580 
600 
620 
640 
660 

680 
700 
720 
740 
760 

780 
800 
820 
840 



1 atm 



4.462 
4.355 
4.312 
4.291 
4.282 

4.285 
4.294 
4.308 
4.326 
4.346 

4.367 
4.391 
4.416 
4.442 
4.467 

4.495 
4.522 
4.550 
4.578 
4.607 

4.636 
4.665 
4.694 
4.724 



10 atm 



5.614 

5.231 
4.994 
4.842 
4.744 
4.681 

4.641 
4.618 
4.606 
4.603 
4.606 

4.615 
4.627 
4.642 
4.659 
4.680 

4.701 
4.724 
4.748 
4.772 



20 atm 



6.211 
5.703 
5.378 
5.164 

5.019 
4.921 
4.854 
4.808 
4.779 

4.762 
4.754 
4.752 
4.756 
4.765 

4.776 
4.792 
4.809 
4.828 



40 atm 



7.432 
6.602 

6.074 
5.723 
5.481 
5.311 
5.190 

5.104 
5.043 
4.999 
4.970 
4.951 

4.939 
4.937 
4.939 
4.944 



60 atm 



9.131 

7.725 
6.886 
6.338 
5.966 
5.704 

5.518 
5.383 
5.284 
5.211 
5.158 

5.118 
5.094 
5.078 
5.069 



80 atm 



10.574 
8.619 
7.527 
6.826 
6.351 

6.020 
5.785 
5.610 
5.482 
5.387 

5.314 
5.264 
5.227 

5.201 



100 atm 



11.513 
9.215 
7.970 
7.172 

6.634 
6.259 
5.987 
5.789 
5.641 

5.528 
5.448 
5.387 
5.342 
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Table 4h-36. Enthalpy of Steam, (H — Eq°)/RT q 



T, °K 


1 atm 


10 atm 


20 atm 


40 atm 


60 atm 


80 atm 


100 atm 


380 


5.482 














400 


5.804 














420 


6.121 














440 


6.436 














460 


6.750 


6.306 












480 


7.063 


6.702 












500 


7.377 


7.075 


6.665 










520 


7.692 


7.435 


7.180 










540 


8.008 


7.786 


7.505 


6.811 








560 


8.326 


8.131 


7.890 


7.322 


6.592 






580 


8.645 


8.472 


8.263 


7.785 


7.204 


6.471 




600 


8.965 


8.811 


8.627 


8.216 


7.736 


7.165 


6.462 


620 


9.288 


9.148 


8.984 


8.625 


8.219 


7.753 


7.210 


640 


9.612 


9.485 


9.338 


9.020 


8.669 


8.277 


7.836 


660 


9.938 


9.822 


9.689 


9.404 


9.095 


8.758 


8.388 


680 


10.266 


10.160 


10.038 


9.781 


9.506 


9.211 


8,892 


700 


10.596 


10.498 


10.386 


10.152 


9.905 


9.642 


9.364 


720 


10.928 


10.838 


10.734 


10.520 


10.295 


10.059 


9.811 


740 


11.262 


11.178 


11.082 


10.885 


10,679 


10.465 


10.242 


760 


11.599 


11.520 


11.431 


11.248 


11.059 


10.863 


10.660 


780 


11.937 


11.863 


11.780 


11,610 


11.435 


11.254 


11,069 


800 


12.278 


12.208 


12.130 


11.971 


11.808 


11.641 


11.470 


820 


12.620 


12.555 


12.482 


12.333 


12.181 


12.025 


11.867 


840 


12.965 


12.903 


12.834 


12.695 


12.552 


12.407 


12.260 
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Table 4h-37. Entropy of Steam, S/R 
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T, °K 


1 atm 


10 atm 


20 atm 


40 atm 


60 atm 


80 atm 


100 atm 


380 


23.628 














400 


23.854 














420 


24.065 














440 


24.265 














460 


24.456 


21.945 












480 


'24.638 


22.175 












500 


24.813 


22.383 


21.513 










520 


24.982 


22.576 


21.746 










540 


25.145 


22.757 


21.954 


20.981 








560 


25.302 


22.928 


22*146 


21.235 


20.539 






580 


25.455 


23.092 


22.324 


21.457 


20.833 


20.260 




600 


25.604 


23.249 


22.493 


21.657 


21.080 


20.582 


20.092 


620 


25.748 


23.400 


22.653 


21.840 


21.296 


20.845 


20.427 


640 


25.889 


23:546 


22.806 


22.011 


21.491 


21.072 


20.699 


660 


26.026 


23.688 


22.954 


22.173 


21.670 


21.274 


20.931 


680 


26.159 


23.825 


23.096 


22.326 


21.838 


21 .459 


21.137 


700 


26.290 


23.959 


23.234 


22.473 


21.996 


21.630 


21.323 


720 


26.418 


24.090 


23.368 


22.615 


22.146 


21.790 


21.495 


740 


26.543 


24.217 


23.498 


22.751 


22.290 


21.942 


21.657 


760 


26.665 


24.342 


23.625 


22.883 


22.428 


22.087 


21.809 


780 


26.786 


24.643 


23.749 


23.012 


22.561 


22.226 


21.954 


800 


26.903 


24.583 


23.870 


23.137 


22.690 


22.360 


22.093 


820 


27.019 


24.700 


23.989 


23.259 


22.816 


22.489 


22.227 


840 


27.132 


24.814 


24.105 


23.378 


22.938 


22.615 


22.356 



4i. Pressure-Volume-Temperature Relationships of Gases 
Virial Coefficients 



ABRAHAM S. FRIEDMAN 
U.S. Atomic Energy Commission 



Many empirical and semiempirical relations have been used to describe the pressure- 
volume-temperature relationships of gases and liquids. Among those most frequently 
used are the equations of van der Waals, Dieteriei, Berthelot, Clausius, and Beattie 
and Bridgeman. It is most convenient, however, and more satisfactory from the 
theoretical standpoint, to use the Kamerlingh Onnes equation of state or any of the 
other simple variations of the virial equation: 

PV = RT(1 + BpP + CpP* + DpF 3 + EvP* + • • •) 

The virial coefficients are temperature-dependent and are expressed in units of powers 
of volume or reciprocal pressure, depending on the forms of equations used. The 
coefficients of these equations may be interrelated as follows: 

B v — BpRT 

C v = (C P +B P *)(RT)* 

D v = (D P + 3C P B P + B P *HRT)* 

E v = (E p + 4D P B P + 6CA 2 + 2<V + B P *){RTY 

n - J*JL 
** " RT 

C — 7? 2 

VD J-fV 

P 



D P = 
Ep = 



(RT)* 
D v - ZByCv + 2BJ 

(RTY 
E v - 2Cv* - 4:B V D V + 10B v *Cv - 5B V * 
(RTY 



The workers at the van der Waals Laboratory generally express their PVT data in 
terms of the density in amagat units pa, which is a relative scale, the reference volume 
usually being taken as the value at 0°C and 1 atm pressure. The equation of state 
takes the form 

PV « A + B PA + Cpa 2 + Dpa 3 + E P a a + • • • . 
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VIRIAL COEFFICIENTS 



4H19 



It is also possible to express the equations of van der Waals, Dieterici, etc., as virial 
expansions, in which case the virial coefficients are those given in tabular form below. 



Bv 



Cv 



van der Waals: (P + a/V*)(V -b)=RT 
Dieterici: (Pe°/*TV)( V -b) = RT 
Berthelot: (P + a/V*T)(V -b)=RT 
Clausius: [P + a/(V + c)*T](V -b)=RT 



b- 



6- 



RT 
a 
' RT 
a 
RT* 
2ac 
RT* 



b* 



6«-— + 

U D/77 ~ 



a* 



62- 



RT ' 2{RT)* 

b* 

Sac* 
RT* 



7,3 _ £&? 4- a2b 
RT^2(RT)* 



4oc 3 
"RT* 



a 3 
6(#D 3 



Data of state have been selected and assembled for several gases. These have been 
fitted to virial equations by the various investigators, and the coefficients of these 
equations are tabulated. The form of the virial equations and the units used are, in 
most cases, those of the original investigators. No attempt has been made to include 
all the available PVT data of these gases. Several excellent bibliographies of 
PVT properties of fluids exist, 1 and abstracts of research papers in this field are 
published in Chemical Abstracts. 

In the tables given below, the virial coefficients B, C, etc., are those of the expansion 
in terms of amagat densities, the coefficients B v , C v , etc., are the coefficients of the poly- 
nomial in 1/V, and the coefficients B p , C P1 etc., are the coefficients of the polynomial 

in P. 

Table 4i-l. Virial. Coefficients for Helium (He)* 



T, °C 


B X 10 3 


C X 10 6 


D X 10 9 





0.5292 


0.1500 


0.218 


25 


0.5710 


0.1564 


0.239 


50 


0.6105 


0.1699 


0.268 


75 


0.6494 


0.2402 


-0.070 


100 


0.6909 


0.2456 


-0.126 


125 


0.7299 


0.2716 


-0.283 


150 


0.7645 


0.3376 


-0.554 



Pressure range: 10 to 300 atm. 

Density in amagats (1 amagat = 4.4589 X 10 "5 moles He/cc). 

* Michels and Wouters, Physica 8, 923 (1941) ; Wouters, Dissertation, University of Amsterdam, 1941. 

1 See, for example, D. M. Newitt, "High Pressure Plant and Fluids at High Pressures," 
Oxford University Press, New York, 1940; S. Gratch, Trans. ASME 70, 631 (1948); L. C. 
Nelson and E. F. Obert, Trans. ASME 76, 1057 (1954). 
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Table 4i-2. Virial Coefficients for Helium (He 3 and He 4 )* 



T, °K 


He 4 B v , 


He 3 B v> 


T, °K 


He 4 B Vi 


He 3 B v , 


cc/mole 


cc/mole 


cc/mole 


cc/mole 


0.3 


-2,715.4 


-375.1 


3.6 


-88.71 


-64.72 


0.4 


-1,712.8 


-348.6 


3.8 


-83.12 


-60 80 


0.5 


-1,203.2 


-320,0 


4.0 


-78.11 


-57.25 


0.6 


- 906.6 


-293.5 


4.2 


-73.58 


-54.01 


0.7 


- 717.6 


-269.9 


4.4 


-69.47 


-51.04 


0.8 


- 589.0 


-249.1 


4.6 


-65.72 


-48.32 


0.9 


- 497.2 


-230.7 


4.8 


-62.29 


-45.81 


1.0 


- 428.9 


-214.4 


5.0 


-59.14 


-43.49 


1.2 


- 335.2 


-187.08 


6.0 


-46.53 


-34.11 


1.4 


- 274.6 


-165.13 


7.0 


-37.53 


-27.29 


1.6 


- 232.34 


-147.21 


8.0 


-30.78 


-22.11 


1.8 


- 201 . 25 


-132.36 


10.0 


-21.34 


-14 75 


2.0 


- 177.39 


-119.89 


12.0 


-15.04 


- 9.78 


2.2 


- 158.47 


-109.29 


15.0 


- 8.77 


- 4.77 


2.4 


- 143.06 


-100.18 


19.64 




0.00 


2 6 


- 130.26 


- 92.28 


20.0 


- 2.53 


28 


2.8 


- 119.42 


- 85.38 


23.18 


0.00 




3.0 


- 110.13 


- 79.29 


25.0 


1.15 


3.29 


3.2 


- 102.06 


- 73.88 


30,0 


3.57 


5.28 


3.4 


- 94.98 


- 69.05 


40.0 


6.49 


7.70 








50.0 


8.16 


9.07 








60.0 


9.20 


9.93 



Second virial coefficients calculated from the force constants of a Lennard-Jones six-twelve 
potential function. 

* Kilpatrick, Keller, Haminel, and Metropolis, Phys. Rev. 94, 1103 (1954). 



Table 4i-3. "Virial Coefficients for Neon (Ne)* 



T, °C 


B p X 10 3 


C p X 10 6 


E p X 10 9 


(mHg)-i 


(m Hg)"2 


(m Hg)- 4 


-207.9 


-5.1522 


7.4076 


3.7425 


-182.5 


-1.4468 


11.722 




-150 


+0.0129 


5.239 




-100 


0.5976 


1.353 




- 50 


0.6553 


0.748 







0.6261 


0.490 




+ 100 


0.5098 


0.538 




200 


0.4425 


0.189 




300 


0.3853 






400 


0.3273 







Pressure range: to 75 m Hg. 

* Holborn and Otto, Z. Physik 33, 1 (1925); 38, 359 (1926). 
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Table 4i-4. Virial Coefficients for Argon (A)* 
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T, °K 


B p , atm -1 


C p X 10 3 , 


D p X 10Y 


E p X 10" ; 


F p X 10 13 , 


atm -2 


atm -3 


atm -4 


atm -6 


80 


-0.03919 


-1.82 








90 


-0: 02836 


-0.885 








100 


-0.02127 


-0.4677 








110 


-0.01640 


-0.2634 








120 


-0.01292 


-0.1555 








130 


-0.01036 


-0.09513 








140 


-0.008432 


-0.05973 








150 


-0.006938 


-0.03816 








200 


-0.002941 


-0.00391 


28.47 


-5.16 


1.58 


250 


-0.001370 


0.00069 


23.66 


-7.76 


2.03 


300 


-0 000631 


0.00120 


11.61 


-6.60 


1.40 


350 


-0.000244 


0.00104 


2.75 


-0.87 


0.02 


400 


-0.000026 


0.00081 


0.42 


-0.10 




450 


0.000101 


0.00061 








500 


0.000178 


0.00046 








550 


0.000224 


0.00035 








600 


0.000252 


0.00027 








650 


0.000268 


0.00021 








700 


0.000276 


0.00016 








750 


0.000279 


0.00013 








800 


0.000278 


0.00010 








1000 


0.000261 


0.00004 








1500 


0.000203 










2000 


0.000159 










2500 


0.000130 










3000 


0.000108 










3500 


0.000093 










4000 


0.000081 










4500 


0.000071 










5000 


0.000063 











* J. Hilsenrath et al., Natl. Bur. Standards (U.S.) Cir. 564, 1955. 
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Table 4i-5. Virial Coefficients for Krypton (Kr)* 



T, °C 


B v , liters/mole 


(liters /mole) 2 


E v X 10 6 
(liters /mole) 4 





-0.06296 


0.002758 


-0.1184 


25 


-0.05236 


0.002611 


-0.1627 


50 


-0.04278 


0.002259 


-0.01800 


75 


-0.03521 


0.002077 


0.03923 


100 


-0.02886 


0.001944 


0.07865 


125 


-0.02347 


0.001843 


0.1074 


150 


-0.01882 


0.001758 


0.1351 


175 


-0.01473 


0.001670 


0.1705 


200 


-0.01111 


0.001581 


0.2197 


225 


-0.008404 


0.001640 


0.1372 


250 


-0.005694 


0.001625 


0.1004 


275 


-0.003168 


0.001562 


0.1404 


300 


-0.001154 


0.001611 


0.05625 



Density range: 1 to 10 moles /liter. 

* Beattie, Brierley, and Barriault, J. Chem. Phys. 20, 1615 (1952). 



Table 4i-6. Second Virial Coefficients for Xenon (Xe) 51 





B v , 


T, °K 


liters /mole 


289.80 


-0.1378 


298.15 


-0.1302 


323.15 


-0.1106 


348.15 


-0.0945 


373.16 


-0.0812 


398.17 


-0.0701 


423.18 


-0.0607 


448.20 


-0.0526 


473.21 


-0.0454 


498.23 


-0.0391 


523.25 


-0.0332 


548.26 


-0.0280 


573.28 


-0.0235 



* Beattie, Barriault, and Brierley, J. Chem. Phys. 19, 1222 (1951). 
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HEAT 
Table 4i-8. Virial Coefficients for Hydrogen (H 2 )* 



T, °K 


B v , cc 


C v , cc 2 


D v , cc 3 


E v X 10~ 3 
cc 4 


F v X 10" 4 , 
cc 5 


20.59 


-140.980 










22.58 


-122.630 










24.65 


-108.020 










26.75 


- 95.995 










28.83 


- 90.275 


2,200.0 








30.86 


- 80.734 


2,078.0 


-30,000 






33.00 


- 73.439 


2,050.0 


-21,700 






35.10 


- 64.300 


1,700.0 


-16,200 


-270 


2,810 


37.61 


- 56.950 


1,510.0 


-13,200 


-260 


2,650 


40.09 


- 51.520 


1,400.0 


-10,400 


-250 


2,510 


45.10 


- 41.380 


1,181.0 


- 6,000 


-240 


2,282 


50.09 


- 33.720 


1,038.0 


- 3,700 


-220 


2,130 


55.09 


- 28.070 


925.0 


- 345 


-210 


1,930 


60.03 


- 22.900 


841.0 


1,500 


-196 


1,724 


63.96 


- 19.650 


763.0 


4,100 


-175 


1,490 


69.00 


- 16.200 


685.0 


8,500 


-140 


834 


75.01 


- 12.460 


612.0 


10,600 


- 90 


540 


80.02 


- 9.760 


553.0 


11,300 


- 55 


380 


90.04 


- 5.170 


462.2 


12,980 


- 5 


100 


100.02 


- 1.900 


412.0 


13,000 


30 


40 


104.0 


0.000 










125.03 


3.830 


318.3 


14,000 


120 


10 


150.04 


7.630 


269.0 


13,000 


150 




175.02 


10.330 


257.0 


11,000 


120 




200.11 


11.930 


254.0 


8,850 


60 




249.99 


14.000 


252.0 


7,500 


20 




273.16 


14.193 










299.99 


15.010 


250.0 


6,000 


5 





Pressure range: to 200 atm. 

* H. L. Johnston et al., Ohio State University Cryogenic Laboratory. 



Table 4i-9. Virial Coefficients for Hydrogen (H 2 )* 



T, °C 


A 


B X 10 3 


C X 10 6 


DX10 9 





0.99939 


0.6015 


1.834 


-16.838 


25 


1.09086 


0.6606 


2.521 


-20.206 


50 


1 . 18233 


0.7308 


2.606 


-16.249 


75 


1.27379 


0.8030 


3.588 


-40.836 


100 


1.36526 


0.8841 


2.619 


-17.798 


125 


1.45673 


0.9314 


4.348 


-43.290 


150 


1.54820 


1.0010 


4.337 


-36.189 



Pressure range: to 50 atm. 

Density in amagat units. 

* Michels and Goudeket, Physica 8, 347 (1941). 



VIRIAL COEFFICIENTS 
Table 4M0. Virial Coefficients for Deuterium (D 2 )* 



T, °C 


A 


B X 10 3 


C X 10 6 


D X 10 9 





0.99945 


0.57884 


4.47087 


-61.9635 


25 


1.09092 


0.64317 


2.0572 


-24.291 


50 


1.18239 


0.68055 


5.0292 


-60.984 


75 


1.27387 


0.74937 


5.9227 


-76.729 


100 


1.36536 


0.83057 


5.1521 


-59.138 


125 


1.45682 


0.90211 


5.2563 


-60.585 


150 


1.54829 


0.97838 


5.3152 


-62.845 



Pressure range: to 50 atm. 

Density in amagat units. 

* Michels and Goudeket, Physica 8, 353 (1941). 
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Table 4i-ll. Virial Coefficients fob Nitrogen (N 2 )* 







c v x io- 2 , 


A, X IO" 4 , 


E v X IO" 5 , 


F v X 10" 7 , 


T, °K 


B v , cm 3 


cm 6 


cm 9 


cm 12 


cm 15 


326 













300 


- 3.54 


7.437 


16.65 


- 22.19 


-87.538 


273.16 


- 9.50 


8.20 


15.60 


- 75.00 


-16.00 


250 


- 16.19 


10.00 


14.00 


-100.00 


21.50 


200 


- 34.33 


12.00 


13.96 


-117.75 


36.40 


175 


- 49.44 


15.70 


13.20 


-120.76 


45.50 


150 


- 71.16 


21.86 


12.52 


-122.75 


41.00 


125.2 


-106.92 


42.00 


- 4.50 






120 


-114.62 


48.00 


- 26.60 






110 


-131.80 


65.00 


- 200.0 






100 


-162.10 


85.00 


- 600 






90 


-200.50 


135.00 


-1000 






80 


-250.80 


210.00 


-2000 







Pressure range: to 200 atm. 

* H. L. Johnston et al., Ohio State University Cryogenic Laboratory. 
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HEAT 

Table 4i-12. Virial Coefficients for Nitrogen (N2)" 



T, °K 


B P , atm -1 


C P , atm" 2 


Dp, atm" 3 


150 


-0.(2)5586 


-0.(4)2490 


-0.(7)10394 


200 


-0.(2)2125 


-0.(7)801 


0.(7)5727 


250 


-0.(3)790 


0.(5)235 


0.(7)1484 


300 


-0.(3)183 


0.(5)208 


0.(8)298 


350 


0.(3)120 


0.(5)156 


-0.(9)21 


400 


0.(3)279 


0.(5)114 


-0.(9)97 


450 


0.(3)364 


0. (6)838 


-0.(8)103 


500 


0.(3)408 


0.(6)623 


-0. (9)89 


550 


0.(3)429 


0. (6)471 


-0.(9)73 


600 


0.(3)435 


0.(6)360 


-0.(9)58 


650 


0.(3)434 


0.(6)279 


-0.(9)46 


700 


0.(3)428 


0.(6)219 


-0.(9)36 


750 


0.(3)419 


0.(6)174 


-0.(9)29 


800 


0.(3)408 


0.(6)139 


-0.(9)23 


1000 


0.(3)360 


0.(7)61 


-0.(9)10 


1500 


0.(3)263 


0.(7)10 




2000 


0.(3)202 






2500 


0.(3)162 






3000 


0.(3)135 







Pressure range to 100 atm. 

Numbers in parentheses indicate zeros immediately to right of decimal point. 

* J. Hilsenrath et al., Natl. Bur. Standards (U.S.) Circ. 564, 1955. 



Table 4i-13. Virial Coefficients for Oxygen (0 2 )* 



T, °K 


Bp, atm 1 


C P , atm" 2 


Dp, atm -3 


50 
100 


-0.(1)218811 


-0.(3)49949 


-0. (3)3826 


150 


-0.(2)71105 


-0.(4)4404 


-0.(6)9312 


200 


-0.(2)29842 


-0.(5)660 


+0.(7)5150 


250 


-0.(2)13644 


-0.(6)59 


+0.(7)2683 


300 


-0.(3)6051 


0.(6)60 


0.(8)8649 


350 


-0.(3)2091 


0.(6)78 


0.(8)1828 


400 


+0.(4)119 


0.(6)72 


-0.(9)5143 


450 


0.(3)1403 


0.(6)62 


-0.(8)1209 


500 


0.(3)2167 


0.(6)52 


-0.(8)1306 


750 


0.(3)3112 


0.(6)22 


-0.(9)6111 


1000 


0.(3)2875 


0.(6)11 


-0.(9)2577 


1500 


0.(3)2208 


0.(7)4 


-0.(10)647 


2000 


0.(3)1731 


0.(7)2 


-0.(10)228 


2500 


0.(3)1406 


0.(7)1 


-0.(11)99 


3000 


0.(3)1174 


0.(7)1 


-0.(11)49 



Pressure range: to 100 atm. 

Numbers in parentheses indicate zeros immediately to right of decimal point. 

* J. Hilsenrath et al., Natl. Bur. Standards (U.S.) Circ. 564, 1955. 
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Table 4i-14. Virial Coefficients for Carbon Monoxide (CO)* 





Series coefficients for carbon monoxide 




q°c 


25°C 


50°C 


75°C 


100°C 


125°C 


150°C 


A 


1.00062 


1.09220 


1 . 18379 


1.27537 


K 36695 


1.45853 


1.55011 


B X 10 8 


-0.609570 


-0.387728 


-0.173710 


0.060129 


0.279123 


0.499249 


0.703395 


C X 10« 


2.74732 


3.13199 


3.60123 


3.26131 


3.26204 


2.99544 


3.31613 


D X 10» 


6.10453 


2.81560 


-1.08194 


4.59805 


5.87388 


10.7319 


8.29195 


E X 10" 


-2.23472 


0.029516 


2.47553 


-0.281361 


-0.421188 


-2.60066 


-0.770897 


F X 10" 


7.66630 


1.36450 


-5.13513 


2.52046 


2.46871 


7.94417 


2.50096 


G X 10" 


-7.38468 


1 . 15574 


9.52599 


-0.953864 


-0.587082 


-7.37101 


0.322446 


H X 10 2< > 


3.20596 


-1.37431 


-5.60470 


-0.069931 


-0.358606 


2.91011 


-1.32504 



Pressure range: 40 to 3,000 atm. 

Density in amagat units (1 amagat = 4.4643 X 10~« moles CO per cc). 

* A. Michels et al. t Physica 18, 121 (1952). 



Pressure range: 20 to 50 atm 
Density in amagat units. 



T, °C 


A 


B X 10 3 


C X 10 6 





1.00062 


-0.633991 


3.55228 


25 


1.09220 


-0.403802 


3.64460 


50 


1 . 18379 


-0.179705 


3.75360 


75 


1.27537 


0.051373 


3.67000 


100 


1.36695 


0.274208 


3.64751 


125 


1.45853 


0.489526 


3.67394 


150 


1.55011 


_ 0.695124 


3.88893 



Table 4i-l 5. Yirial Coefficients for Carbon Monoxide (CO)* 



T, °K 


Bp, atm -1 


Cp, atm -2 


200 


-0.(2)2701 


0.(5)4485 


250 


-0.(2)1087 


0.(5)4200 


300 


-0.(3)345 


0.(5)2803 


350 


+0.(4)31 


0.(5)1847 


400 


0.(3)232 


0.(5)1269 


450 


0. (3)343 


0.(6)903 


500 


0.(3)404 


0.(6)652 


750 


0.(3)443 


0.(6)146 


1000 


0.(3)387 


0. (7)36 


1500 


0.(3)287, 




2000 


0.(3)221 




2500 


0.(3)178 




3000 


0.(3)148 





Pressure range: to 100 atm. 

Numbers in parentheses indicate zeros immediately to right of decimal point. 

* J. Hilsenrath et al., Natl. Bur. Standards (U.S.) Circ. 564, 1955. 
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Table 4i-16. Virial Coefficients for Air* 





0°C 


25°G 


50°C 


75°C 


A - RT 


1.000596 


1.092176 


1.183755 


1.275334 


B X 10 3 


-0.579305 


-0.374396 


-0.172469 


0.029083 


C X 10 6 


2.505321 


2.815469 


3.013159 


3.192234 


D X 10 9 


3.838577 


1.956272 


1.578322 


0.729456 


■S-XdO 11 


-1.133777 


-0.040178 


€.311958 


0.962308 


F X 10 14 


3.932747 


1.618943 


0.951103 





G X 10 17 


-2.761489 


-0.479369 








# x io 21 


8.738907 











Density range 


0-642 Am. 


0-505 Am. 


0-406 Am. 


0-182 Am. 





0°C 


25°C 


50°C 


. 75°C 


A 

B X 10 3 
C X 10 6 
Density range 


1.000596 
-0,600117 
3.14759 
0-51 Am. 


1.092176 
-0.391219 
3.33556 


1 .183755 
-0.181245 
3.33203 


1 .275334 
0.026432 
3.28972 



* Michels et al., Appl. Sci. Research (A)4, 52 (1953). 



Table 4i-17. Virial Coefficients for Air* 



T, °K 


B v , cm 3 /mole 


cm 6 /m©Le 2 


D v X 10 4 , 
cm 9 /mole 3 


50 


-527.60 






100 


-153.15 


-3253.5 


9.40 


150 


- 72.681 


944.9 


7.00 


200 


- 38 .'241 


1323 5 


5.46 


250 


- 19.327 


1332.7 


4,36 


300 


-" 7.480 


1288.5 


3.46 


350 


+ 0.575 


1239.1 


2.75 


400 


6.367 


1194.2 


2.16 


450 


10.701 


1154.4 


1.72 


500 


14.048 


1119.2 


1.40 


750 


23.241 


990.4 


0.4 


1000 


27.129 


&04.30 




1500 


30.138 


789.45 


iV.U. 



Pressure range: to 100 atm. * 

* J. Hilsenrath et al., Natl. Bur. Standards (U.S r ) Circ. 564, 1955. 
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A statistical mechanical treatment permits the expression of the virial coefficients 
of spherically symmetrical molecules in terms of the intermolecular potential energy 
and the distance between the molecules. The second virial coefficient is then given by 



B v - 2tcN J (1 - e -«<r)/*r) r » & 



Various models have been proposed for the intermolecular potential energy func- 
tion e(r). One of the most frequently used models for nonpolar gases is that due to 
Lennard- Jones: 



. (r) = „ r-«L_ (l»v _ _jl_ (L»yi 

Lw — m\r / n — m\r ) J 



where the repulsive exponent n is generally taken as 12 and the attractive exponent 
m is taken &s 6, The Lenaa#d-Jomes six-twelve potential function is then 

■« -*• [©"-©'] 

where € is the energy at the minimum of the potential-energy well and r is the inter- 
molecular separation at this energy. The intermolecular separation at e (r) =0 is given 

by d, where d - ro(m/n) n ~ m « r (^. The constant e is often expressed in units of 
temperature by dividing by the Boltzmann constant k. 

Table 4i-18. Constants in the Lennard-Jones Potential Function 



Gas 



He 

He*... 

Ne 

A 

Kr 

Xe 

H 2 

D 2 

H 2 , D 2 * 

N 2 

2 

CO.... 



CO X 10 16 , 

ergs 



10.22 
14.03 
48.2 
165.0 
238.4 
309.9 
42.36 
45.93 
50.75 
132.4 
163 
140.3 



€«,/*, °K 



7.40 
10.16 
34.9 
119.5 
172.7 
224.5 
30.69 
33.27 
36.76 
95.93 
118 
101.6 



r , A 



2.65 
2.87 
3.12 
3.84 
4.03 
4.56 
3.35 
3.39 
3.28 
4.15 
3.88 
4.26 



d, A 



2.36 
2.56 
2.78 
3.42 
3.59 
4.06 
2.98 
3.02 
2.92 
3.69 
3.46 
3.79 



Ref. 



1 
2 
3 

4 
5 
6 

7 
1 
2 
7 
8 
9 



* Calculated with quantum corrections. 
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The following table, 4j-l, is based upon a more extensive compilation, Natl. 
Bur. Standards (U.S.) Circ. 500, in which all references may be found. In this 
table c - crystal, liq = liquid, g = gas, AH - heat, AS - entropy change, and 
AC P = change of heat capacity. 
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Table 4j-l. Phase Transition Data for Elements and Compounds 



Substance 


Type 

of 
process 


Phase 


Pressure, 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS.cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mm Hg 


mole deg 


A 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
Hq 

liq 


Hq 
g 

g 


516.5 
516.5 

760 


83.85 
83.85 

87.29 


0.281 
1.558 


3.35 
17.85 


2.16 
-5.08 


Ag 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 






1234.0 
2466 


2.70 
60.72 


2.19 
24.62 


7 


760 




AgBr 


Transition 
Fusion 
Vaporiza- 
tion 


c.II 
c,I 
Hq 


c,I 
Hq 
g 






532 
703 
1806 


2.18 
37.0 


3.10 
20.5 








—3.6 




760 




AgCl 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 






728 
1830 


3.05 
43.7 


4.19 
23.9 


—2 31 


760 




AgCN 


Fusion 


c 


Hq 






623 


2.8 


4.5 










Agl 


Transition 
Fusion 
Vaporiza- 
tion 


c,II 
c,I 
liq 


o,I 
Hq 
g 






420 
831 
1777 


1.47 
2.25 
34.4 


3.50 
2.71 
19.4 










760 




AgNO, 


Transition 
Fusion 


c,II 
c,I 


c,I 
Hq 








433 
483 


0.66 
2.76 


1.52 
5.71 


-0.06 
4.5 


Ag 2 S 


Transition 
Fusion 


c, II 
c,I 


c,I 
Hq 








452 
1115 


1.05 
3.36 


2.32 
3.01 


1.2 


Ag 2 S0 4 


Transition 
Fusion 


c.II 
c,I 


c,I 
Hq 








685 
933 


1-9 
4 


2.8 

4 




Al 


Fusion 
Vaporiza- 
tion 


c 
Hq 


liq 
g 






933.3 
2600 


2.6 
67.9 


2.8 
26 






760 




Al 2 Br 6 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 






370.7 
530 


5.4 
11 


14.6 
21 






760 




A1 2 C1 6 


Sublima- 
tion 

Sublima- 
tion 

Fusion 


c 
c 
c 


g 
g 
Hq 


760 
1,625 
1,625 


453.3 

465 

465 


26.7 
26.5 
16.9 


58.9 
57.0 
36.3 




A1 2 0» 


Fusion 


c 


liq 






2307 


26 


U 










As 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c, metallic 

c, metallic 
Hq 


g. AS4 

liq 
g 


760 

27,200 
27,200 


883 

1090 
1090 


7.75 


8.78 
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Table Aj-l 1 Phase Transition Data for Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


" Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


, AS, cal/ 
mole deg 


AC P , cal/ 


Substance 


Initial 


Final 


mole deg 


AsBrt 


Fusion 
Vaporiza- 
tion 




liq 


Hq 

8 


760 


304.4 
494 


2.81 
10 


9.23 
20 




AsCli 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
8 


760 


257 
403 


2.42 
7.5 


9.42 
18.6 




AsF, 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


142.6 


267.21 
292.50 


2.486 
8.566 


9.304 
29.285 




AsF» 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq 


liq 
g 

g 


149 
149 

760 


192.9 
192.9 

220.6 


2.71 
4.96 


14.0 
22.5 




AsH 8 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq 


liq 
g 

g 


24.6 
24.6 

760 


156.9 
156.9 

210.7 


0.56 
4.18 


3.6 
19.8 




AS40g 


Sublima- 
tion 
Fusion 

Sublima- 
tion 
Fusion 

Vaporiza- 
tion 


c, octahe- 
dral 

c, octahe- 
dral 

c, mono- 
clinic 

c, mono- 
clinic 

liq 


g 

liq 
g 
liq 

g 


28 
28 
67 
67 
760 


547 
547 
586 
586 
733 


26.1 
11.9 
23.0 
8.8 
14.2 


47.7 
21.8 
39.2 
15.0 
19.4 




Au 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


1336.16 
2933 


3.03 
74.21 


2.27 
25.30 


-0.53 
-2.0 


B 


Fusion 


c 


liq 




2313 








B 2 0« 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


2 


723 
1523 


5.27 

77 


7.29 
50 




BCh 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


166 
285.6 


5.7 


20.0 




BF 3 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 

c 
liq 

Hq 


g 

liq 
g 

g 


54 

54 
54 

760 


144.5 

144.5 
144.5 

174 


5.7 

1.0 
4.7 

4.3 


39 

7 
33 

25 
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Table 4j-l. Phase Transition Data ton Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
, mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 
mole deg 


Initial 


Final 


B2H« 


Fusion 
Vaporiza- 
tion 


c 
Iiq 


liq 
g 




108.30 
180.32 


1.069 
3.412 


9.87 
18.89 






760 




Ba 


Transition 

Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


C,II 

cl 

c,I 
liq 


c,I 

g 

Hq 
g 




648 
990 

990 
1911 


41.1 
35.7 


41.5 
18.7 






0.0063 






760 




BaCla 


Transition 
Fusion 
Vaporiza- 
tion 


c,II 
c,I 
liq 


c,I 
liq 
g 




1193 
1233 
1462 


5.4 
57 


4.4 
39 












6.3 




BaCOi 


Transition 
Transition 


c.III 
c, II 


c,II 
cl 




1083 
1241 


4.5 
0.7 


4.1 
0.6 


7.93 








BaF 2 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 




1593 
2072 


3.0 
83 


1,9 
40 






42 




BaO 


Sublima- 
tion 
Fusion 


c 
c 


g 
liq 


0.00076 


1650 
2190 


89 


54r 










BaS04 


Transition 
Fusion 


C,II 

c,I 


c,I 
liq 




1422 
1623 


9.7 


6:0 
















BaTiOj 


Transition 


c, II 


c,I 




385.8 














Be 


Sublima- 
tion 
Fusion 


c 
c 


g 
Hq 


0.034 
0.034 


1556 
1556 


75.2 
2.3 


48.3 
1.5 




BeCh 


Sublima- 
tion 

Vaporiza- 
tion 

Vaporiza- 
tion 

Sublima- 
tion 


c 

liq 
liq 
c 


g, BeCfe 
g, BeCh 
g.BeCfe 
g, Be 2 Cl 4 


2 

2 

760 

127 


678 
678 
820 
678 


29.2 
26.2 
25 
15.4 


43,1 
38.6 
30 
22.7 




BeO 


Sublima- 
tion 

Sublima- 
tion 

Fusion 


c 
c 
c 


g 
g 
Hq 


0.00076 

0.196 

0.196 


2327 
2823 
2823 


147.4 
145.4 


63.3 
51.5 




Bi 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 




544.2 
1693 


2.63 


4.83 







760 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Substance 


Initial 


Final 


mole deg 


BiCla ' 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 




605 
714 


2.6 
17.35 


5.1 
24.30 




760 




Bi 2 Oi 


Fusion 


c 


liq 




1090 


6.8 


6.2 




Bn 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
K 


214 


265.9 
298.16 


2.52 
7.34 


9.48 
24.6 


2.0 


C 


Sublima- 
tion 

Sublima- 
tion 


c, graphite 
c, graphite 


g, std. state 

equilibrium 
gas 


760 
760 


298.16 
4620 


171.698 


36.4002 




CBn 


Transition 
Fusion 
Vaporiza- 
tion 


c, II 
c, I 
liq 


c, I 
liq 
g 


760 


320.1 
363.3 
460 


1.5 
0.98 
10.4 


4.7 
2.70 
22.6 




ecu 


Transition 
Fusion 
Vaporiza- 
tion 


c,ll 
c,I 
liq 


c,I 
liq 
g 


760 


225.5 
250.3 
349.9 


1.09 
0.60 
7.17 


4.8 
2.4 
20.5 


1.1 


CFi 


Transition 
Fusion 
Vaporiza- 
tion 


c.II 
c, I 
liq 


c,I 
liq 
g 


760 


76.23 
89.47 
145.14 


0.35 

0.167 

3.01 


4.6 

1.87 

20.7 




CFCla 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 

g 


760 


162.68 
296.8 


1.648 
5.96 


10.13 
20.1 


-10.4 


CF2CI2 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 

g 


760 


118 
242.7 


0.99 
4.85 


8.4 
20.0 




CHBr« 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq 


liq 

g 

g 


22 
760 


281.21 
323 

422.7 


2.65 
10.4 


9.42 
32.2 




CHC1, 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


209.7 
334.4 


2.2 
7.02 


10.5 
20.99 




CHjCh 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 


760 


176 
313 


1.1 
6.69 


6 
21.4 




CHala 


Fusion 
Fusion 
Vaporiza- 
tion 


c,II 
c,I 
liq 


liq 
liq 
g 


330 


278.76 
279.26 
425 


3.02 

2.88 


10.8 
10.3 
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Table 4j-l. Phase Transition Data for Elements and Compounds {Continued) 







Phase 














Type 

of 
process 






Pressure, 
mm Hg 


Temp., 


AH, 
kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Substance 


Initial 


Final 


mole deg 


CH2O (formalde- 


Fusion 


c 


liq 




154.9 








hyde) 


Vaporiza- 
tion 


Hq 


g 


760 


253.9 


5.85 


23.0 




CH2O2 (formic 


Fusion 


c 


liq 


18 


281.46 


3.03 


10.8 


8.8 


acid) 


Vaporiza- 
tion 


Hq 


g 


18 


281.46 










Vaporiza- 


liq 


g 


760 


373.7 


5.32 


14.24 






tion 
















CH,Br 


Transition 


c.II 


c,I 




173,79 


0.113 


0.650 






Fusion 


c,I 


liq 




179.48 


1.429 


7.96 






Vaporiza- 


liq 


g 


760 


276.72 


5.715 


20.65 






tion 
















CH 8 C1 


Fusion 


c 


liq 


65.66 


175.44 


1.537 


8.76 


1.5 




Vaporiza- 


liq 


g 


65.66 


175.44 










tion 


















Vaporiza- 


liq 


g 


760 


248.94 


5.15 


20.7 






tion 
















CH,F 


Fusion 


c 


Hq 




131.4 










Vaporiza- 


liq 


g 


760 


195.1 


4.23 


21.7 






tion 
















CH,I 


Fusion 





liq 




206.7 










Vaporiza- 


liq 


g 


760 


315.6 


6.7 


21.2 






tion 
















CH 8 2 N (nitro- 


Fusion 


c 


liq 




244.78 


2.319 


9.47 




methane) 


Vaporiza- 
tion 


liq 


g 


36.7 


298.16 


9.147 


30.68 






Vaporiza- 


liq 


g 


760 


374.0 










tion 
















CH4 


Fusion 





Kq 


87.7 


90.68 


0.225 


2.48 






Vaporiza- 


liq 


g 


87.7 


90.68 










tion 


















Vaporiza- 


liq 


g 


760 


111.67 


1.955 


17.51 






tion 
















CH4O 


Transition 


c.II 


c,I 




157.4 


0.154 


0.98 






Fusion 


c.I 


Hq 




175.26 


0.757 


4.32 


4.2 




Vaporiza- 


liq 


g 


124.0 


298.16 


8.94 


29.98 






tion 


















Vaporiza- 


liq, std. 


g.std. 


760 


298.16 


8.94 


26.48 






tion 


















Vaporiza- 


liq 


g 


760 


337.9 


8.43 


24.95 






tion 
















CH4ON2 (urea) 


Fusion 


c 


liq 





405.8 


3.60 


8.9 




CH 4 S 


Transition 


c.ll 


c,I 




137.6 


0.052 


0.38 






Fusion 


c,I 


liq 




150.16 


1.411 


9.40 


4.8 




Vaporiza- 


liq 


g 


760 


279.12 


5.872 


21.04 






tion 
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Phase Transition Data for Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 
kcal/ 
mole 


AS, cal/ 
mole deg 


AC,,, cal/ 


Substance 


Initial 


Final 


mole deg 


CH 6 N (methyl- 
amine) 


Fusion 
Vaporiza- 
tion 


c 


liq 
8 


760 


179.70 
266.84 


1.466 
6.17 


8.16 
23.1 




C2EUCI 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 


760 


134.83 
285.43 


1.064 
5.9 


7.89 
21 


1.52 


C2H2 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


K 

liq 

g 


760 

900 
900 


189.2 

191.7 
191.7 


5.1 

0.9 
4.2 


27 

5 
22 




C 2 H4 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq 


liq 
g 

g 


0.9 
0.9 

760 


103.97 
103.97 

169.45 


0.8008 
3.237 


7.702 
19.10 




C2H4O (acetalde- 
hyde) 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


155 
293.3 


0.77 
6.5 


5.0 
22.2 


- 9.3 


C2H4O (ethylene 
oxide) 


Fusion 
Vaporiza- 
tion 


c 

liq ' 


Hq 
g 


760 


160.71 
283.72 


1.236 
6.101 


7.69 
21.50 


3.45 
- 9.7 


C2H4O2 (acetic 
acid) 


Fusion 
Transition 
Fusion 
Fusion 
Vaporiza- 
tion 


c,I 
c,I 
C I 
c, II 
liq 


liq 
c,II 
liq 
liq 

g, equilib- 
rium 


760 
155,000 
155,000 
155,000 

760 


289.77 

328.9 

328.9 

328.9 

391.4 


2.80 
0.11 
2.78 
2.89 
5.83 


9.66 
0.3 
8.5 
8.8 
14.9 


9.4 


C 2 H 6 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq 


Hq 

g 

g 


0.006 
0.006 

760 


89.89 
89.89 

184.53 


0.6834 
3.517 


7.603 
19.06 


2.2 
-11.5 


C 2 H 6 (dimethyl 
ether) 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 




131.66 
248.34 


1.180 
5.141 


8.96 
20.70 


6.8. 


760 


-10.6 


C 2 H 6 (ethanol) 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq, std. 
liq 


liq 
g 

g.std. 
g 




158.6 
298.16 

298.16 

351.7 


1.200 
10.12 

10.12 

9.22 


7.57 
33.94 

28.99 

26.22 


5.70 


58.6 
760 
760 




C2H7N (ethyl- 
amine) 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 




192.2 
289.7 


6.7 


23 




760 


-14.4 
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Table 4j-1. Phase Transition Data fob Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


: Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal 


Substance 


Initial 


Final 


mole det 


C2H7N (dimethyl- 
amine) 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


f 
760 


180.97 
280.0 


1.420 
6.33 


7.85 
22.6 


9.81 
-17.1 


C 2 N a 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
Hq 

liq 


liq 
g 

g 


553.6 
553.6 

760 


245.32 
245.32 

252.01 


1.938 
5.576 


7.900 
22.126 


5.29 


CO 


Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c, II 
c,I 
liq 

Hq 


c, I 
liq 
g 

g 




61.53 
68.10 
68.10 

81.66 


0.151 
0.200 

1.444 


2.45 
2.94 

17.68 


- 3.2 




115.3 
115.3 

760 


1.9 


C02 


Sublima- 
tion 
Fusion 


c 
c 


g 
liq 


760 


194.68 
217.0 


6.031 
1.99 


30.98 
9.2 










C0C12 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


140.37 
280.72 


1.371 
5.832 


9.43 
20.78 




CS2 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


161.1 
319.41 


1.05 
6.40 


6.52 
20.0 




Ca 


Transition 
Sublima- 
tion 
Fusion 


c, II 
c,I 

c,I 


c, I 
g 

Hq 


0.35 


723 
1123 

1123 


0.2 
44.0 

2.2 


0.3 
39.2 

2.0 


-0.5 


CaC 2 


Transition 


c,II 


c,I 




720 


1.33 


1.85 


-1.20 


CaCl 2 


Sublima- 
tion 
Fusion 


c 
c 


g 
liq 


0.018 


934.6 
1055 


54 
6.78 


58 
6.43 




CaCrOi 


Fusion 


c 


liq 




2433 








CaFa 


Transition 
Fusion : 
Vaporiza- 
tion 


C.II 

d 

liq 


c,I 
Hq 
g 


11 


• 1424 
1691 
2145 


1.14 
7.1 
83 


0.80 
4.2 
39 




CaO 


Fusion 


c 


liq 




2873 


12 


4.2 




CaS0 4 


Transition 
Fusion 


c, II 
c,I 


c, I 

liq : 





1466 
1573 


6.7 


4.3 




CaSiOi 


Transition 
Fusion 


c, 11 
c,l 


c,l 
liq 




1463 
1803 









4-138 HEAT 

Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


Ca 2 Si04 


Transition 
Transition 
Fusion 


c, HI 
c,ll 
c,I 


c, 11 
c,I 
Hq 




948 
1673 
2393 


0.35 
0.77 


0.37 
0.46 


0.58 


CaTiO. 


Transition 


c.ll 


Cl 




1530 


0.55 


0.36 


-0.23 


Cd 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
Hq 


g 

Hq 
g 


0.11 

0.11 
760 


594.1 

594.1 
1040 


26.28 

1.46 
23.86 


44.23 

2.46 
22.94 




CdBrj 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
Hq 


g 

Hq 
g 


0.0032 
760 


638 

841 
863 


38.2 
5.0 


59.9 
6.0 




CdCh 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
Hq 


g 

Hq 
g 


0.966 

0.966 
760 


841 

841 
1253 


41.2 

5.3 
29.4 


49.0 

6.3 
23.5 




CdFj 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 


760 


1322 
2020 


5.4 
56.0 


4.1 
27.7 




Cdlj 


Sublima- 
tion 
Fusion 


c 
c 


g 
liq 


0.48 
0.48 


660 
660 


32 
8 


48 
12 




CdO 


Sublima- 
tion 


c 


g 


760 


1832 


53.8 


29.4 




CdS 


Sublima- 
tion 


c 


g 


0.0126 


958 


51.4 


53.7 




Ce 


Transition 
Transition 
Transition 
Fusion 


c,lV 
c, HI 
c,II 
c,I 


c, III 
c,ll 
c,I 
Hq 




140 
666 
713 
1048 


2.1 


2.0 




Cl 2 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
Hq 

Hq 


Hq 

g 

g 


760 


172.16 
172.16 

239.10 


1.531 

4.878 


8.89 
20.40 


2.75 
- 8.76 


C1F 


Vaporiza- 
tion 


Hq 


g 


760 


172.9 


5.34 


30.88 




C1F, 


Vaporiza- 
tion 


Hq 


g 


760 


284.6 


5.74 


20.2 
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Table 4j-1. Phase Transition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 
kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


Co 


Transition 
Transition 
Fusion 
Vaporiza- 
tion 


C.III 
c.II 
c.I 
Hq 


C.II 
c,I 
Hq 
g 




723 
1398 
1765 
3373 


0.005 

0.07 

3.7 


0.007 

0.05 

2.1 


















760 




CoCb 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 




997 
1323 


7.4 
27.2 


7.4 
20.6 






760 




CoO 


Fusion 


c 


Hq 




2078 














CoS 


Fusion 


c 


Hq 




1373 














Cr 


Fusion 


c 


Hq 




2173 


3.5 


1.6 










CrCh 


Sublima- 
tion 
Fusion 


c 
c 


g 
liq 


0.61 
0.61 


1088 
1088 


60.1 
7.7 


55.2 
7.1 




Cr 2 0i 


Transition 
Fusion 


C,II 
c,I 


c,I 
liq 




306.0 
2538 




















Cs 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
Hq 


g 

liq 
g 


1.2X10-* 

1.2X10-* 
760 


301.9 

301.9 
963 


18.82 

0.50 
16.32 


62.34 

1.6 
16.95 




CsBr 


Fusion 
Vaporiza- 
tion 


c 
Hq 


liq 
g 




909 
1573 


1.7 
35.99 


1.9 

22.88 
















CsCl 


Transition 
Fusion 
Vaporiza- 
tion 


c,II 
c,I 
Hq 


cl 

liq 
g 




718 
918 
1573 


1.8 

3.60 

35.69 


2.5 
3.92 
22.69 












760 




CsF 


Fusion 
Vaporiza- 
tion 


c 
Hq 


liq 
g 




955 
1524 


2.45 
34.3 


2.56. 
22.5 
















CsNOi 


Transition 
Fusion 


c,II 
c,I 


cl 

liq 




429 
690 


3.25 


4.71 
















CsOH 


Transition 
Fusion 


c,II 
c,I 


cl 
liq 




496 
545.5 


1.76 
1.61 


3.55 
2.93 
















Cs 2 S04 


Transition 
Fusion 


C.II 

C.I 


cl 
Hq 




933 
1292 




















Cu 


Fusion 
Vaporiza- 
tion 


C 

Hq 


Hq 
g 




1356.2 
2855 


3.11 

72.8 


2.29 
25.4 


0.5 




760 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


CuBr 


Fusion 


c 


liq 




761 














CuCl 


Fusion 


c 


liq 




703 


2.4 


3.4 










CuaO 


Fusion 


c 


liq 




1502 


13.4 


8.9 










CU2S 


Transition 


c,II 
c.I 


c, I 
liq 




376 
1400 


1.34 
5.5 


3.6 
3.9 


0.2 














ErGU 


Fusion 


c, 7 


liq 




1047 














Fa 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 


1.66 
760 


53.54 
85.02 


0.122 
1.562 


2.28 
18.4 


-6.90 


Fe 


Transition 
Transition 
Sublima- 
tion 

Transition 
Fusion 
Vaporiza- 
tion 


c, a 
c,/3 
c, 7 

C, 7 
c, 5 
liq 


c,0 
c, 7 
g 

c, S 
liq 

g 




1033 
1180 
1473 

1673 
1808 
3073 


0.0 
0.217 
94.4 

0.15 
3.6 


0.0 
0.184 
64.1 

0.09 
2.0 


0.0 




1.40 




5.4 X10" 6 


1 






-2.8 




760 




FeBrz 


Fusion 


c 


liq 




957 














FeCl 2 


Fusion 
Vaporiza- 
tion 


c , 
liq 


liq 
g 


760 


950 
1299 


10.28 
30.21 


10.82 
23.26 


3.63 


FeCl, 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 

c 
liq 

liq 


iFe2Cl 6 (g) 

}FeiCU(liq) 
*Fe2Cl 6 (g) 

JFe 2 Cl 6 (g) 


582 

582 
582 

760 


577 

577 
577 

592 


16.5 

10.3 
6.24 

6.02 


28.6 

17.8 
10.81 

10. 17 


-4 


Fe(CO) 6 


Fusion 
Vaporiza- 
tion 


c 
Hq 


liq 
g 




252 

378 


3.25 
8.9 


12.90 
23.5 




760 




Feb 


Fusion 


c 


liq 




860 












Feo.960 


Fusion 


c 


liq 




1641 


7.5 


4.6 




Fe 2 8 


Transition 


c, II 


c,I 




1303 












Fea04 


Fusion 


c 


liq 




1867 


33 


18 








FeS 


Transition 
Fusion 


c, 11 
c 


c,I 
liq 




411 
1468 


1.05 
7.73 


2.55 
5.26 


-4.89 












Ga 


Transition 
Fusion 


c,I 
c,I 


c.II 
liq 


8.86X108 
8.86 X10« 


275.6 
275.6 


0.51 
1.23 


1.85 
4.46 
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Table 4j-l. Phase Transition Data for Elements and Compounds {Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


, AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


Ga 


Fusion 
Fusion 
Vaporizar 
tion 


c.II 
c,I 
liq 


Uq 
liq 
g 


8.86 X 10« 


275.6 
309.940 
1210 


0.72 
1.336 
63.8 


2.61 
4.31 
52,7 


0.38 




0.0006 




GagOa 


Fusion 


c 


liq 




2013 














GaS 


Fusion 


c 


liq 




1218 














Ge 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 




1233 
2960 


8.3 
81.6 


6.7 

28, 






760 




GeBr* 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 




299.3 
460.3 


9.9 


21.5 






760 




GeCU 


Fusion 
Vaporiza- 
tion 


c 

«q 


liq 
g 




223.7 
356.3 


7.9 


22.2 






760 




GeH4 


Transition 
Transition 
Fusion 
Vaporiza- 
tion 


C,III 
c, II 
c,I 
liq 


c, II 
c,I 
Uq 
g 




73.2 
76.5 
107.26 
184.80 


0.050 
0.086 
0.200 
3.361 


0.68 
1.12 
1.86 
18.19 














2.0 




760 




GeOa 


Transition 

Fusion 

Fusion 


c, II, insol- 
uble 

c, II* insol- 
uble 

c, I, soluble 


c, I, soluble 

liq 

liq 




1306 
1359 
1389 


























HBr 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq 


Uq 
g 

g 




186.28 
186.28 

206.43 


0.575 
4.210 


3.09 

20:39 


1.64 










760 


- 7.3? ' 


HC1 


Transition 
Fusion 
Vaporiza- 
tion 


c.II 
c,I 
liq 


o,I 
Uq 
g 




98.38 
158.94 
188.11 


0.284 
0.476 
3.86 


2.89 
2.99 
20 5 


1.15 






2.10 




760 


- 7.14 


HCN 


Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c,II 
c,I 
liq 

Hq 


c, I 
Uq 
g 

g 




170.41 
259.92 
259.92 

298.86 


0.004 
2.009 

6.027 


0.02 
7.73 

20.17 






140.4 
140.4 

760 


1.7 


HF - 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


190.09 
293.1 


1.094 
1.8 


5.756 
6.1 


2.55 
-10.9 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Substance 


Initial 


Final 


mole deg 


HI 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 


liq 

g 

g 


760 


222.36 
222.36 

237.80 


0.686 
4.724 


3.08 
19.86 


1.10 
- 7.14 


HNOa 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 


48 


231.56 
293 


2.503 
9.43 


10.81 
32.2 


10.55 


Ha 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq 


Hq 
g 

g 


52.8 
52.8 

760 


13.84 
13.84 

20.26 


0.028 
0.215 


2.0 
10.6 


1.9 


HaO 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq 

liq 

liq, std. 


liq 
g 

g 

g 

g,8td. 


760 
4.58 

23.73 

760 

760 


273.16 
273.17 

298.16 

373.16 

298.16 


1.4363 
10.767 

10.514 

9.7171 

10.520 


5.2581 
39.415 

35.263 

26.0400 

28.390 


8.911 
-10.184 

- 9.971 

-10.021 


HaS 


Transition 

Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c, III 
c,II 
c,I 
liq 

liq 


C.II 

c.I 
liq 
g 

g 


173.9 
173.9 

760 


103.54 
126.24 
187.63 
187.63 

212.82 


0.366 
0.108 
0.568 

4.463 


3.53 
0.86 
3.03 

20.97 


1.20 

- 0.65 
1.59 

- 8.34 


H2SO4 


Fusion 


c 


liq 




283.53 


2.36 


8.32 


6.218 


HaS04-H 2 


Fusion 


c 


liq 




281.65 


4.63 


16.44 


25.04 


HaSe 


Transition 

Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c, III 
C.II 
c, I 
liq 

Hq 


c, II 
c,I 
Hq 
g 

g 


205.4 
205.4 

760 


82.3 
172.54 
207.43 
207.43 

231.9 


0.309 
0.267 
0.601 
5.34 

4.62 


3.75 

1.55 

2.90 

25.72 

19.93 


1.5 
- 1.9 
1.95 


H 2 Te 


Fusion 
Vaporiza- 
tion 


c 

liq 


Hq 
g 


760 


222 
270.9 


1.0 
5.55 


4.5 
20.49 




H 3 PO, 


Fusion 


c 


Hq 




343.3 


3.07 


8.94 




H3PO4 


Fusion 


c 


liq 




315.51 


2.52 


7.99 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


»H*H 


Fusion 


c 


liq 


93 


16.60 


0.038 


2.3 


2.0 




Vaporiza- 


liq 


g 


93 


16.60 


0.265 


16.0 






tion 


















Vaporiza- 


Hq 


g 


760 


22.13 










tion 
















mmo 


Vaporiza- 
tion 


liq 


g 


22.0 


298.16 


10.652 


35.726 




1H2 


Fusion 


c 


Hq 


52.8 


13.84 


0.028 


2.0 


1.9 




Vaporiza- 


liq 


g 


52.8 


13.84 










tion 


















Vaporiza- 


Hq 


g 


760 


20.26 


0.215 


10.6 






tion 
















2H2 


Fusion 


c 


liq 


128 


18.63 


0.0471 


2.53 


2.2 




Vaporiza- 


Hq 


g 


128 


18.63 










tion 


















Vaporiza- 


Hq 


g 


760 


23.59 


0.2937 


12.45 






tion 










- 






*H 2 


Fusion 


c 


liq 




276.98 


1.501 


5 419 


9 48 




Vaporiza- 


liq 


g 


20.78 


298.16 


10.193 


34.186 






tion 


















Vaporiza- 


liq, std. 


g, std. 


760 


298.16 


10.850 


29.22 






tion 
















He 


Fusion 


e 


liq, I 


78,300 


3.5 


0.005 


1.5 






Transition 


liq, II 


liq, I 


38.3 


2.186 


0.00 


0.00 


-19 




Vaporiza- 


liq, I 


g 


760 


4.216 


0.020 


4.7 






tion 
















Hf 


Transition 


c, II 


c, I 




1773 










Fusion 


c,I 


liq 




2500 














Hf0 2 


Fusion 


c 


liq 




3050 














Hg 


Sublima- 
tion 


c 


g 


2.5X10-' 


234.29 


15.20 


64.9 






Fusion 


c 


liq 


2.5X10-" 


234.29 


0.549 


2.34 






Vaporiza- 


liq 


g 


0.00209 


298.16 


14.65 


49.13 






tion 


















Vaporiza- 


liq 


g, equilib- 


760 


629.88 


14,13 


22.43 






tion 




rium 












HgBr 2 


Sublima- 
tion 


c 


g 


116 


514 


18.82 


36.6 






Fusion 


c 


Hq 


116 


514 


3.96 


7.7 






Vaporiza- 


liq 


g 


760 


592 


14.08 


23.8 






tion 
















HgCh 


Sublima- 
tion 


c 


g 


418 


550 


18.50 


33.6 






Fusion 


c 


liq 


418 


550 


4.15 


7.5 






Vaporiza- 


liq 


g 


760 


577 


14.08 


24.4 






tion 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Substance 


Initial 


Final 


mole deg 


Hgls 


Transition 

Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c, II, red 
c, I, yellow 

c, I, yellow 
liq 


c, I, yellow 

g 

liq 

g 


0.195 
8.8 

8.8 
760 


402 
530 

530 
627 


0.601 
19.86 

4.53 
14.26 


1.50 
37.5 

8.6 
22.7 




HgS 


Transition 


c, 11, red 


c, I, black 


80 


659 


1.0 


1.5 




IC1 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


33.2 
33.2 


300.5 
300.5 


1.83 
9.93 


6.09 
33.06 




I 2 


Fusiou 
Sublima- 
tion 


c 
c 


liq 
g 


0.31 


386.8 
298.16 


3.74 
14.88 


9.67 
49.91 




In 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


0.007 


429.6 
1200 


0.78 
55.7 


1.81 
46.4 




Ir 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 

g 


760 


2716 
4623 








K 


Fusion 
Vaporiza- 
tion 


e 
liq 


liq 

g, equilib- 
rium 


760 


336.4 
1030 


0.554 


1.65 


-0.23 


KA1(S0 4 )2-12H 2 


Transition 
Fusion 


c,II 
c,I 


c.I 
liq 




57.9 
364 


0.047 
6.7 


0.8 
18.4 




KBr 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

Hq 

g 


0.3 

0.3 
760 


1008 

1008 
1656 


48.9 

7 
37.1 


48.5 

7 
22.4 




KC1 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 

g 


0.40 

0.40 
760 


1045 

1045 
1680 


49.5 

6.1 

38.8 


47.4 

5.8 
23.1 


0.61 


KCN 


Transition 
Fusion 


c,II 
c,I 


c,I 

Hq 




168.3 
883 


0.30 
3.5 


1.8 
4.0 ' 




KF 


Fusion 
Vaporiza- 
tion 


c 

Hq 


liq 
g 


760 


1129 
1775 


6.8 
41.3 


6.0 
23.3 


1.5 


KHSO4 


Transition 
Transition 
Fusion 


c, 111 
c,II 
c,l 


C.1I 

e,I 

liq 




437.4 
453.7 
491.8 


0.49 
0.095 


1.12 
0.21 
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Table 4j-l. Phase Transition Data fob Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS.cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


KI 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 
g 


0.36 

0.36 
760 


958 

958 
1597 


47.2 
34.7 


49.3 
21.7 




KNOi 


Transition 
Transition 
Transition 
Transition 
Transition 
Transition 
Transition 
Fusion 


c,IV 
c,IV 
c,III 
c.III 
c,III 
c,II 
c.II 
c,I 


C.III 

C.II 

C.II 

C.II 

c,I 

c,I 

c,I 

liq 


2.84 X10« 
2.84 X10« 
2.84 X10« 
61,500 
61,500 
61,500 
760 


294.5 

294.5 

294.5 

401.18 

401.18 

401.18 

400.9 

610 


- 0.512 
-0.381 

0.131 

- 0.502 
0.558 
1.060 
1.3 
2.8 


- 1.74 

- 1.29 
0.445 

- 1.25 
1.39 
2.64 
3.2 
4.6 


2.9 
0.7 


KOH 


Transition 
Fusion 
Vaporiza- 
tion 


c,II 
c,I 
liq 


c,I 
Hq 
g 




522 
673 
1600 


1.52 

1.8 

30.8 


2.91 
2.6 
19.3 












760 




K2CO1 


Transition 
Transition 
Transition 
Fusion 


c,IV 
C.III 
C.II 

c,I 


c, III 
c,II 
c,I 
liq 




523 
701 

895 
1169 


7.8 


6.8 




























K2SO4 


Transition 
Fusion 


c,II 
c,I 


c,I 
liq 




856 
1342 


1.94 
8.76 


2.27 
6.53 


—4 79 






-6.49 


Kr 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

Hq 


liq 
g 

g 


549 
549 

760 


115.95 
115.95 

119.93 


0.391 
2.158 


3.37 
17.99 


2.01 
-5.67 


La 


Transition 
Transition 
Transition 
Fusion 


c,IV 
c, III 
c, II 
c,I 


c,III 
c,II 
c,I 
liq 




110 
821 
982 
1193 
































Li 


Transition 
Fusion 
Vaporiza- 
tion 


c,II 
c,I 
Hq 


c,I 
liq 

g, equilib- 
rium 




77 

453.7 
1599 


0.723 


1.594 








0.39 












LiBr 


Fusion 
Vaporiza- 
tion 


c 
Hq 


liq 
g 




823 
1583 


2.9 
35.4 


3.5 
22.4 






760 




LiCl 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 
g 


0.014 

0.014 
760 


883 

883 
1655 


4«.2 

3.2 
36.0 


52.3 

3.6 
21.8 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Substance 


Initial 


Final 


mole deg 


LiF 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


1118 
1954 


2.4 
51.0 


2.1 
26.1 




Lil 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


722 
1444 


40.8 


28.2 




LiOH 


Fusion 


C V 


liq 




735 








Li 2 COi 


Fusion 


C 


liq 




1008 








LiNOa 


Fusion 


c 


liq 




527 


6.1 


11.6 


0.45 


Li 2 S04 


Transition 
Fusion 


C,II 

c,I 


c,I 
liq 




848 
1132 


6.8 
3.0 


8.0 
2.6 




LuCl, 


Fusion 


C, 7 


liq 




1165 








Mg 


Fusion 
Vaporiza- 
tion 


C 

liq 


liq 
g 


3 
760 


923 
1393 


2.2 
31.5 


2.4 
22.6 




MgCh 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


987 
1691 


10.3 
32.7 


10.4 
19.3 




MgCi 2 -6H 2 


Fusion 


c 


liq 




390 


8.2 


21.0 




MgO 


Fusion 


c 


liq 




3173 


18.5 


5.8 




MgS0 4 


Fusion 


c 


liq 




1400 


3.5 


2.5 




Mg»N 2 


Transition 
Transition 


C.II 
c, III 


c,I 
c,II 




1061 
823 


0.26 
0.22 


0.24 
0.27 




Mn 


Transition 
Transition 
Transition 
Fuskm 
Vaporiza- 
tion 


clV 

c, III 
c, II 
c, I 
liq 


c, III 

c,II 

c,I 

Hq 

g 


760 


1000 
1374 
1410 
1517 
2360 


0.54 
0.54 
0.43 
3.50 
53.7 


0.54 
0.39 
0.30 
2.31 
22.8 




MnBr 2 


Fusion 


c 


liq 




971 








MnCh 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


923 
1463 


9.0 

28.8 


9.7 
19.7 




MnO 


Fusion 


c 


liq 




2053 








Mn 2 Ot 


Transition 


c,II 


c,I 




873 








Mm04 


Transition 
Fusion 


c,II 
c,I 


C I 
liq 




1445 
183a 


4.5 


3.1 




MnS 


Fusion 


c 


liq 




1803 


6.2 


3.4 





TRANSITION, FUSION, AND VAPORIZATION 4-147 

Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Substance 


Initial 


Final 


mole deg 


Mo 


Fusion 


c 


liq 




2883 








Mo(CO) 6 


Sublima- 
tion 


c 


g 


48 


375 


16.3 


43.5 




MoF 6 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 

g 


406 

406 
760 


290.7 

290.7 
308 


8.3 

2.2 
6.0 


28.6 

7.6 
19.5 




M0O3 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
Hq 


g 

liq 
g 


0.3 

10 
760 


973 

1068.4 
1428 


65 

12.54 
33 


67 

11.74 
23 




Na 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 

g, equilib- 
rium 


760 


371.0 
1162 


0.622 


1.68 


0.12 


NaBr 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 
g 


0.40 

0.40 
760 


1023 

1023 
1665 


49.3 

6.1 
38.7 


48.2 

5.9 
23.2 




NaCN 


Transition 
Transition 
Fusion 
Vaporiza- 
tion 


C.III 
c,II 
c,I 
liq 


c,II 
c,I 
liq 
g 


760 


172.1 
288.5 
835 
1770 


0.15 
0.70 
4 
37 


0.87 
2.43 
5 
21 




Na 2 C0 3 


Transition 
Transition 
Transition 
Fusion 


c,IV 
c, III 
c,II 
c,I 


c, III 
c,II 
c,I 
liq 


s 


629 
759 
891 
1127 


0.20 
0.45 

8 


0.32 
0.59 

7 




NaCl 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 
g 


0.5 

0.5 
760 


1081 

1081 
1738 


51.5 

6.8 
40.8 


47.6 

6.3 
23.5 


0.8 


NaF 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 

g 


0.5 

0.5 
760 


1268 

1268 
1977 


63 

7.8 
50 


49 

6.2 
25 


0.65 


Nal 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


935 

1577 


5.2 
38.2 


5.6 
24.2 




NajMo0 4 


Transition 
Fusion 


c, II 
c, I 


c, I 
liq 




713 
960 


14.6 
3.6 


20.5 
3.8 

1 
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Table 4j-l. Phase Tkansition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


NaNOa 


Transition 
Fusion 


c,II 
c,I 


c,I 
liq 




548 
583 


3.8 


6.5 








3 








NaOH 


Transition 
Fusion 


c,II 
c,I 


c,I 
liq 




566.0 
592.2 


1.514 
1.518 


2.67 
2.57 








1 2 








NaOH-H 2 


Fusion 


c 


liq 




337.4 














Na 4 P 2 07 


Fusion 


c 


liq 




1243 


14 


11 










Na 2 S0 4 


Transition 
Fusion 


C.II 
c, I 


c,I 
liq 




513 
1163 


5.8 


5.0 
















Na 2 Si0 8 


Fusion 


c 


liq 




1362 


12.5 


9.2 


—1 07 








Na 2 TiOs 


Transition 
Fusion 


c,II 
c,I 


c,I 
liq 




560 
1303 


0.4 
16.8 


0.7 
12.9 


—1 31 






—1 2 








Nb 


Sublima- 
tion 
Fusion" 


c 
c 


g 
liq 


0.00017 


2500 
2760 


181 


72 










NbCU 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 
g 


330 

330 
760 


483 

483 
519 


20.4 

8.5 
11.8 


42.2 

17.6 
22.7 




Nb20 B 


Fusion 


c 


liq 




1785 


24.59 


13.78 










NbaOs 


Fusion 


c 


liq 




2045 














Nd 


Transition 
Transition 
Transition 
Fusion 


c, IV 
c, III 
c, II 

C,I 


c,III 
c.II 
c,I 
liq 




109 
781 
987 
1113 
































Ne 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


324 
324 


24.57 
24.57 


0.080 
0.431 


3.26 
17.54 


2.42 
-3.42 


NH 8 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

liq 


liq 
g 

g 


45.57 
45.57 

760 


195.40 
195.40 

239.73 


1.351 
5.581 


6.914 
23.28 




NH 4 Br 


Transition 
Fusion 


c, II 
c,I 


c,I 
liq 


735 


411.0 
815 


0.77 


1.87 










NH 4 C1 


Transition 
Fusion 
Vaporiza- 
tion 


c,II 
cl 
liq 


c,I 
liq 
g 


760 

2.62X10* 

2.62X104 


457.6 

793 

793 


1.06 


2.32 




NHJ 


Transition 
Fusion 


c f II 
c, I 


d 

liq 


760 


260 
824 


0.70 


2.7 






1 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Eg 


Temp., 


A//, 
kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


NH4NO3 


Transition 

Transition 

Transition 

Transition 

Transition 

Transition 

Transition 

Transition 

Transition 

Transition 

Fusion 

Transition 

Transition 

Transition 


c, V 
c, IV 
c, III 
c,IV 
c, IV 
c, III 
c.II 
c, IV 
c,IV 
c,II 
c,I 
C.VI 

C.II 
C.II 


c, IV 
C, III 
c, II 
c, III 
c, II 
c.II 
c,I 
c, II 
c, VI 
c, VI 
liq 

d 

c,VI 
c.I 


7C0 

760 
6.32 X 105 
6.32 X 10» 
6.32 X 105 

760 

760 
6.73 X 10 8 
6.73 X 10 8 
6.73 X 10» 

760 
6.63 X 10" 
6.63 X 10° 
6.63 X 10 8 


255 

305.3 

336.5 

336.5 

336.5 

357.4 

398.4 

442.4 

442.4 

442.4 

442.8 

459.9 

459.9 

459.9 


0.13 

0.38 

0.20 

0.32 

0.52 

0.32 

1.01 

0.96 

0.98 

0.02 

1.3 

0.99 

0.03 

1.02 


0.51 
1.23 
0.59 
0.95 
1.54 
0.90 
2.54 
2.16 
2.21 
0.05 
2.94 
2.15 
0.06 
2.21 




NO 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


C 

liq 
liq 


liq 
8 

g 


164.4 
164.4 

760 


109.51 
109.51 

121.39 


0.550 
3.293 


5.02 
27.13 


6.0 
11.8 


N. 


Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


C.II 

c,I 

liq 

Hq 


c.I 

liq 
8 

8 




35.62 
63.18 
63.18 

77.34 


0.055 
0.172 

1.333 


1.54 
2.72 

17.24 






94 
94 

760 




N2H4 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
8 




274.69 
386.7 


3.025 
9.70 


11.01 
25.1 


8.0 




764 




NjO 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

Uq 


Uq 
8 

8 


658.9 
658.9 

760 


182.30 
182.30 

1«4.68 


1.563 
3.956 


8.574 
21.42 


4.67 


Ni 


Transition 
Fusion 
Vaporiza- 
tion 


ClI 
Cl 
liq 


c,I 
liq 
8 




626 
1726 
3073 


0.092 
4.2 
91.0 


0.15 
2.4 
29.6 


— 0.71 






0.0 




760 




NiCh 


Sublima- 
tion 
Fusion 


c 

C 


8 
liq 


760 


1260 
1300.8 


48.36 
18.47 


38.38 
14.18 










Ni(CO)« 


Fusion 
Vaporiza- 
tion 


C 

liq 


liq 
8 




248 
315.6 


7.0 


22.2 






760 




NiO 


Sublima- 
tion 
Fusion 


C 

e 


8 
liq 


1.14X10-6 


1500 
2223 


111.4 


74.2 










NiS 


Fusion 


C 


liq 




1070 


, ^ 
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Table 4j-l. 



HEAT 
Phase Transition Data for Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 
mole deg 


Substance 


Initial 


Final 


Np 


Fusion 


c 


Hq 




913 












NpClj 


Fusion 


c 


Hq 




1075 












NpCU 


Fusion 


c 


Hq 




811 












NpF 6 


Fusion 


c 


Hq 




326 












O2 


Transition 

Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c,III 
c,II 
c,I 
Hq 

liq 


c,II 
c, I 
Hq 
g 

g 




23.89 
43.80 
54.36 
54.36 

90.19 


0.022 
0.178 
0.106 

1.630 


0.92 
4.07 
1.95 

18.07 


0.3 






-0.14 




1.14 
1.14 

760 


1,74 
-6.00 


0, 


Vaporiza- 
tion 


liq 


g 


760 


162.65 


2.59 


15.92 




Os 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 




2973 
4673 










760 




OO4 


Fusion 
Vaporiza- 
tion 


c,I 
liq 


Hq 
g 




313.3 
403 


3.41 
9.5 


10.9 
23.6 






760 




P 


Transition 
Transition 
Transition 

Transition 

Fusion 

Vaporiza- 
tion 

Fusion 

Vaporiza- 
tion 


c, IV, white 
c, IV, white 
C III, 

white 
c, III, 

white 
c, III, 

white 
Hq 

c, II, red 
Hq 


c, III, white 
c, III, white 
c, II, red 

c, I, black 

liq 

g.P< 

Hq 
g.P« 


760 
4.41 X 10» 


196 

270.8 

298.16 

298.16 

317.4 

553 

863 
863 


1.35 
- 4.4 

-10.3 

0.15 

2.97 

4.85 
2.50 


4.09 

0.47 

5.37 

5.62 
2.90 












760 

760 

32,760 
32,760 




PBn 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 


760 


232.7 
446.4 


9.28 


20.79 




PBr 6 


Sublima- 
tion 


c 


g 


210 


357.0 


13.0 


36.4 




PCI. 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 




181 
349 


7.28 


20.9 






760 




PCU 


Sublima- 
tion 
Fusion 


c 
c 


g, mixt. 
equilibrium 
Hq 


760 


432 
433 


16.1 


37.3 










PFs 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 




121.7 
172.0 


3.43 


19.9 






760 
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Table 4j-1. Phase Transition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 
mole deg 


Initial 


Final 


PF 6 


Fusion 
Sublima- 
tion 

Vaporiza- 
tion 


c 
c 

Hq 


Hq 
g 

g 


427 
427 

760 


179.4 
179.4 

188.7 


2.8 
6.9 

4.1 


15.6 
38.5 

21.7 




PH 3 


Transition 
Transition 
Transition 
Fusion 
Vaporiza- 
tion 

Vaporiza- 
tion 


c,IV 

C.III 

c.II 

c,I 

Hq 

Hq 


c, III 

c.II 

c,I 

Hq 

g 

g 


27.33 
27.33 

760 


30.31 
49.44 
88.12 
139.38 
139.38 

185.42 


0.0197 
0.186 
0.116 
0.270 

3.490 


0.650 
3.76 
1.32 
1.94 

18.82 




P4O10 


Sublima- 
tion 

Fusion 

Fusion 

Vaporiza- 
tion 


c, II 

c,II 
c,I 
Hq 


g 

liq 
liq 
g 


760 

3,700 
670 
670 


632 

693 
845 
845 


17.6 

5 

11.5 
16.8 


27.8 

7.2 
13.6 
19.9 




PaCh 


Fusion 


c 


liq 




574 








Pb 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 

g 


760 


600.5 
2023 


1.14 
43.0 


1.90 
21.3 


0.29 


PbBr 2 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 


760 


643.2 
1187 


5 
27.7 


7.8 
23.3 




PbCb 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 


760 


771 
1227 


5.7 
29.6 


7.4 
24.1 




PbF 2 


Fusion 
Vaporiza- 
tion 


c, I 
Hq 


Hq 
g 


760 


1095 
1563 


1.8 
38.3 


1.6 
24.5 




PbHi 2 C 4 (tetra- 
methyllead) 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 


760 


245.7 
379.3 


8.0 


21.1 




PbH2oC 8 (tetra- 
ethyllead) 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 


609.7 


137 
450.0 


11.87 


26.38 




PbO 


Transition 
Fusion 
Vaporiza- 
tion 


c, II, red 
c, I, yellow 
Hq 


c, I, yellow 
Hq 

g 


760 


762 
1159 
1745 


2.8 
51 


2.4 
29 




PbS 


Sublima- 
tion 
Fusion 


e 
c 


g 
Hq 


10 


1238 
1387 


55 
4.2 


44 
3.0 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Substance 


Initial 


Final 


mole deg 


PbS04 


Transition 
Fusion 


c, II 
c,I 


c, I 
liq 




1139 
1360 


4.06 
9.6 


3.56 
7.1 














Pd 


Fusion 
Vaporiza- 
tion 


c 


liq 

g 




1825 
3833 


4 


2 




760 




Pt 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 




2042 
4283 


5.2 


2.5 




760 




PuCh 


Sublima- 
tion 

Vaporiza- 
tion 


c 
liq 


g 
g 


0.0017 
0.0017 


1033 
1033 


65 
59.7 


63 
57.8 




PuFi 


Sublima- 
tion 

Vaporiza- 
tion 


c 
Hq 


g 
g 


0.00036 
0.079 


1329 
1562 


96.9 
80.9 


72.9 
51.8 




Ra 


Fusion 


c 


Hq 




973 












Rb 


Transition 

Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c.II 
c,I 

c,I 
liq 


c,I 

g 

Hq 
g 




243 
312.0 

312.0 
952 


20.47 

0.52 
18.11 


65.61 

1.67 
19.02 




0.01 

0.01 
760 




RbBr 


Fusion 
Vaporiza- 
tion 


c 
Hq 


liq 
g 




953 
1625 


3.7 
37.12 


3.9 
22.84 


» 


760 




RbCl 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 




990 
1654 


4.40 
36.92 


4.44 
22.32 




760 




RbF 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 




1048 
1681 


4.13 
39.51 


3.94 
23.50 




760 




Rbl 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 


760 


913 
1577 


2.99 
35.96 


3.27 
22.80 




RbNOa 


Transition 
Transition 
Transition 
Fusion 


c.IV 
c, III 
c, II 
c,I 


c, III 
c,II 
c,I 
liq 




438 
498 
564 
589 


1.34 


2.28 


























RbOH 


Transition 
Fusion 


c.II 
c,I 


c,I 
liq 




518 
574 


1.70 
1.62 


3.28 
2.82 














RbsCO, 


Fusion 


c 


Hq 




1108 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 
kcal/ 
mole 


ASf.cal/ 
moledeg 


AC Pt cal/ 
mole deg 


Initial 


Final 


Re 


Fusion 


c 


liq 




3420 














Re 2 7 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 




573.5 
635.5 


15.3 
18,1 


26.7 
28.5 






760 




Rh 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 

g 




2233 
4233 




















Rn 


Fusion 
Vaporiza- 
tion 


c 


liq 
g 




202 
211 


0.693 
3.92 


3.43 
18.6 






760 




Ru 


Transition 
Transition 
Transition 
Fusion 
Vaporiza- 
tion 


c,IV 
c, III 
c, II 
c.I 
liq 


c, III 
c,II 
c, I 
liq 
g 




1308 
1473 
1773 
2773 
4383 


0.034 
0.23 


0.026 
0.13 
























760 




S 


Transition 

Sublima- 
tion 

Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c, II, rhom- 
bic 

c, II, rhom- 
bic 

c, I, mono- 
clinic 

c, I, mono- 
clinic 

equilibrium 
liq, X, n 


c, I, mono- 
clinic 
g,S 8 

g.Ss 

liq, X 

g 


0.0047 
0.0047 
0.0047 


368.6 

368.6 

368.6 

392 

717.76 


0.09 

3.01 

2.92 

0.293 

2.5 


0.25 
8.17 
7.93 
0.75 
3.5 


0.24 
1 6 




760 




SFe 


Transition 

Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c,II 
c,I 

c,I 
liq 


c,I 
g 

Hq 
g 




94.26 
209.5 

222.5 
222.5 


0.384 
5.46 

1.20 
4.08 


4.07 
26.04 

5.40 
18.34 


- 1.98 

- 1.7 




760 

1,700 
1,700 


SO, 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
Hq 

Hq 


liq 
g 

g 


12.56 
12.56 

760 


197.68 
197.68 

263.14 


1.769 
5.955 


8.95 
22.63 


4.50 
-11.84 


Sb 


Transition 
Transition 
Fusion 
Vaporiza- 
tion 


clll 
c,II 
c,I 
Hq 


C.II 

c,I 
Hq 

g, equilib- 
rium 




367.8 
690 
903.7 
1713 


4.8 


5.3 


















760 




SbBr. 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 




369.8 
561 


3.51 

— 


9.49 






749 
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Table 4j-l. Phase Transition Data fob Elements and Compounds (Continued) 





Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Substance 


Initial 


Final 


mole deg 


SbCh 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 




346.4 
494 


3.03 
10.80 


8.74 
21.86 




760 




SbCU 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 

g 




276.2 
349.7 


2.4 
11.5 


8.7 
32.9 




21 




SbH, 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 

g 




185 
256 








760 




Sb 4 Oe 


Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c.II 
c, I 
liq 

liq 


c,I 
Hq 
g 

g 


0.525 

8.5 
8.5 

760 


830 
928 
928 

1729 


3.24 
29.49 

17.83 


3.91 
31.78 

10.31 




Sc 


Fusion 
Vaporiza- 
tion. 


c 
liq 


Hq 

g 




1673 
4173 










760 




ScCls 


Sublima- 
tion 
Fusion 


c 
c 


g 
liq 


684 
684 


1233 
1233 


61.1 


49.6 




Se 


Transition 

Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 

Vaporiza- 
tion 

Vaporiza- 
tion 


vitreous 
c, III, red 
c, I, gray 
Hq 

liq 

liq 

liq 


c, I, gray 
c, I, gray 
Hq 

g, See 

g, See 

g, Se4.37 

g, Se 2 




398 
423 
490.6 
490.6 

1009 

958.0 

1027 


1.05 
0.18 
1.25 
4.31 

3.43 

5.10 

12.80 


2.64 
0.43 
2.56 
8.79 

3.40 

5.32 

12.46 


2.2 






0.2 




0.0043 
0.0043 

760 

760 

760 


2.7 


SeF e 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 
g 


760 

1,500 
1,500 


226.6 

238.6 
238.6 


6.27 

1.70 
4.38 


27.68 

7.14 
18.34 




Se02 


Sublima- 
tion 


c 


g 


760 


595 


21.1 


35.4 




Si 


Fusion 


c 


liq 




1683 


11 


6.5 




SiBr 4 


Fusion 
Vaporiza- 
tion 


c 
Hq 


Hq 
g 




278.4 
426.0 


9.1 


21.4 




760 




SiCh 


Fusion 
Vaporiza- 
tion 


c 
Hq 


liq 
g 




205 
330.2 


1.84 
7.0 


9.0 
21.2 




760 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 







Phase 














Type 
of 




Pressure, 
mm Hg 


Temp., 
°K 


AH, 
kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Substance 






mole deg 




process 


Initial 


Final 










SiF« 


Sublima- 
tion 


c 


g 


760 


177.7 


6.15 


34.6 






Fusion 


c 


liq 


1,320 


182.9 


1.69 


9.2 






Vaporiza- 


liq 


g 


1,320 


182.9 


4.46 


24.4 






tion 
















SiH 4 


Transition 


c,II 


C I 




63.5 


0.147 


2.32 






Fusion 


c, I 


Hq 




88.5 


0.159 


1.80 


1.3 




Vaporiza- 


liq 


g 


760 


161.8 


2.9 


18 






tion 
















Si0 2 


Transition 


quartz, c, 
III 


quartz, c, II 




91 










Transition 


quartz, c, II 


quartz, c, I 




846 


0.15 


0.18 


-5.6 




Transition 


quartz, c, I 


tridymite, 
c,I 
liq 




1140 


0.12 


0.11 






Fusion 


quartz, c, I 




1883 


2.04 


1.08 






Transition 


tridymite, 
c,IV 


tridymite, 

C.III 




390 


0.07 


0.18 






Transition 


tridymite, 
c,III 


tridymite, 

C.II 




436 


0.04 


0.09 






Transition 


tridymite, 
c,II 


tridymite, 
c, I 




598 


0.05 


0.08 






Transition 


tridymite, 
c,I 


cristobalite, 
c,I 




1743 


0.05 


0.03 






Fusion 


tridymite, 
c,I 
cristobal- 


Hq 




1953 










Transition 


cristobalite, 




515 


0.31 


0.60 








ite, c, II 


c, I 














Fusion 


cristobal- 
ite, c, I 


liq 




2001 


1.84 


0.92 




Sn 


Transition 


c. III, gray 


c, II, white 




291 


0.6 


2.1 






Transition 


c, II, white 


c,I 




476.0 


0.002 


0.004 






Fusion 


c,I 


Hq 




505.1 


1.69 


3.35 






Vaporiza- 


Hq 


g 


760 


2600 










tion 
















SnBra 


Fusion 


c 


liq 




505 


1.7 


3.4 






Vaporiza- 


Hq 


g 


760 


911 


22 


24 






tion 
















SnBn 


Transition 


c, II 


c, I 




267 










Fusion 


C I 


Hq 




303 


3.0 


9.9 






Vaporiza- 


Hq 


g 


760 


478 


10 


21 






tion 
















SnCh 


Fusion 


c 


liq 




520 


3.0 


5.8 






Vaporiza- 


liq 


g 


760 


896 


21 


23 






tion 
















SnCU 


Fusion 


c 


liq 




239.9 


2.19 


9.13 






Vaporiza- 


liq 


g 


760 


386 


8.3 


21.5 






tion 
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Table 4j-l. Phase Transition Data for Elements and Compounds {Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


SnOj 


Transition 


c,II 


c,I 




683 


0.45 


0.66 




SnS 


Fusion 


c 


Hq 




1153 








Sr 


Fusion 
Vaporiza- 
tion 


c 
Hq 


liq 
g 


760 


1043 
1657 


2.2 
33.8 


2.1 
20.4 




SrCh 


Fusion 


c 


Hq 




1148 


4.1 


3.6 




SrCOa 


Transition 
Fusion 


c.II 
c,I 


c,I 
Hq 




1197 
1770 


4.7 


3.9 




SrFj 


Fusion 


c 


Hq 




1673 


4.3 


2.6 




SrO 


Fusion 


c 


Hq 




2688 








SrS04 


Transition 
Fusion 


c,II 
c.I 


c, I 
Hq 




1425 

1878 








Ta 


Sublima- 
tion 
Fusion 


c 
c 


g 
liq 


8.6X10-* 


2500 
3250 


180 


72 




TaC 


Fusion 


c 


Hq 




4100 








TaCU 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
Hq 


g 
Hq 

g 


415 

415 
760 


484 

484 
508 


22.7 

11.1 
11.5 


46.9 

22.9 
22.6 




Ta 2 Os 


Fusion 


c 


Hq 




2163 








Te 


Transition 

Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


C.II 
c,I 
Hq 

Hq 


c, I 
Hq 
g. Tej 

g, Tej 


0.18 
0.18 

760 


621 
723 
723 

1360 


0.13 

4.28 
13.3 

11.9 


0.21 
5.92 
18.4 

8.75 


2.0 


TeFe 


Transition 

Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c.II 
c,I 

c,I 
Hq 


c,I 

g 

Hq 
g 


60 
760 

800 
800 


199.7 
234.6 

235.5 
235.5 


0.5 
6.47 

2.1 
4.3 


2.5 
27.6 

9.0 
18.4 




Th 


Transition 
Fusion 


c,I 
c 


c, II 
Hq 




498 
1968 








Th02 


Fusion 


c 


Hq 




3493 








Ti 


Transition 
Sublima- 
tion 
Fusion 


C.II 
c, I 

c,I 


c,I 
K 

liq 


0.036 
0.036 


1157 
2085 

2085 


106.5 


51.0 
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Table 4j-l. Phase Transition Data for Elements and Compounds {Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS.cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


TiBri 


Transition 
Fusion 
Vaporiza- 
tion 


c.II 
c,I 
liq 


c,I 
liq 
g 


760 


258 

311.7 

603 


2.1 


6.7 




TiCU 


Fusion 
Vaporiza- 
tion 


c 
Hq 


liq 
g 


760 


250 
409.0 


2.24 

8.4 


9.0 
20.5 




Til« 


Fusion 
Vaporiza- 
tion 


Hq 


Hq 
g 


760 


423 
650.3 


13.6 


20.9 




TiO 


Transition 


c,II 


c, I 




1264 


0.82 


0.65 




Ti02 


Transition 
Fusion 


c, III, 0, 

anatase 

c, I, rutile 


c, II, a, ana- 
tase 
liq 




915 
2108 


0.3 


0.3 




Tl 


Transition 
Transition 
Transition 
Transition 
Fusion 
Vaporiza- 
tion 

Vaporiza- 
tion 


c,I 
c,II 
c, II 
c,II 
c,I 
Hq 

liq 


c, III 
c, III 
c,I 
c, I 
liq 
g 

g 


2.87 X 107 
2.87 X 107 
2.87X107 

28 
760 


426 
426 
426 
508.3 
576.8 
1350 

1730 


- 19 
0.01 
0.20 
0.082 
1.03 
40.1 


- 0.45 
0.02 
0.47 
0.16 
1.79 
29.7 


0.18 
0.43 


TIBr 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 
g 


2.11 

2.11 
760 


732 

732 
1089 


31.4 

3.6 
24.6 


42.9 

4.9 
22.7 




TIC1 


Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 
liq 


g 

liq 
g 


1.12 

1.12 
760 


702 

702 
1079 


29 

4.0 
24.8 


41 

5.6 
23.0 




Til 


Transition 

Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c, II, yellow 
c, I, red 

c, I, red 
Hq 


c, I, red 
g 

liq 
g 


1.00 

1.00 
760 


438 
713 

713 
1098 


30.0 

2.7 
24.9 


42.1 

3.8 
22.6 




ThO 


Fusion 
Vaporiza- 
tion 
Fusion 


c 
Hq 

c 


Hq 
g 

Hq 


760 


573 
773 

990 








TUOi 


Fusion 


c 


liq 




990 








Tm 


Vaporiza- 
tion 


Hq 


g 


760 


3773 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


AH, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


U 


Transition 
Transition 
Fusion 


c, III 
c, II 
c, I 


c,II 
c, I 
liq 




935 
1049 
1405 


0.714 
1.165 


0.763 
1.110 




UBr 4 


Sublima- 
tion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 

liq 

liq 


g 
g 
g 


4.78 
4.78 
760 


792 
792 
1039 


49.9 
43.8 
31.0 


63.0 
55.3 
29.8 




UCU 


Sublima- 
tion 

Vaporiza- 
tion 


c 
liq 


g 
g 


15.5 
15.5 


863 
863 


46.3 
36.0 


53.6 
41.7 




UF 8 


Sublima- 
tion 

Sublima- 
tion 

Fusion 

Vaporiza- 
tion 


c 

c 

c 
liq 


g 

g 

liq 
g 


760 

1,133 

1,133 
1,133 


329 

337.2 

337.2 
337.2 


11.8 

11.8 

4.59 
7.2 


35.9 

35.0 

13.61 
21.4 


8.81 


V 


Fusion 
Sublima- 
tion 


c 
c 


liq 
g 


6.1 X 10-5 


2003 
1800 


120.4 


66.9 




VCU 


Fusion 
Vaporiza- 
tion 


c 
liq 


liq 
g 


760 


247.5 
425 


9.1 


21.4 




V 2 0a 


Fusion 


c 


liq 




2250 








V2O4 


Transition 
Fusion 


C.II 

c, I 


c, I 

liq 




345 
1815 


2.05 
27.21 


5.94 
15.0 


6.9 
10.1 


V 2 8 


Fusion 


C 


liq 




949 


15.56 


16.50 


2.9 


W 


Fusion 


c 


liq 




3653 








WC1« 


Transition 
Transition 
Sublima- 
tion 

Sublima- 
tion 
Fusion 
Vaporiza- 
tion 


c, III 
c, II 
c, II 

c, I 

c, I 
liq 


c, II 
c, I 

g 

g 

Hq 
g 


38 
38 

233 

233 
760 


442 

500.1 

500.1 

557.2 

557.2 
609.7 


3.4 
21.0 

17.4 

2.3 
14.9 


6.8 
42.0 

31.2 

4.1 
24.4 




WF« 


Transition 
Fusion 


c, II 
c, I 


c,I 
liq 


420 


265.0 

275.7 


1.6 
0.5 


6.0 
1.8 
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Table 4j-l. Phase Transition Data for Elements and Compounds (Continued) 



Substance 


Type 

of 
process 


Phase 


Pressure, 
mm Hg 


Temp., 
°K 


Aff, 

kcal/ 
mole 


AS, cal/ 
mole deg 


AC P , cal/ 


Initial 


Final 


mole deg 


W0« 


Sublima- 
tion 
Fusion 


c 
c 


g 
liq 


0.0058 


1375 
1743 


112 


81 




Xe 


Fusion 

Vaporiza- 
tion 

Vaporiza- 
tion 


c 
liq 

Hq 


Hq 
g 

g 


611 
611 

760 


161.3 
161.3 

165.1 


0.549 
3.021 


3.40 
18.29 


2.13 
-5.71 


Y 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 


760 


1773 
4373 








YbCl, 


Fusion 


C, 7 


liq 




1127 








Zn 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 
g 


760 


692.7 
1180 


1.595 
27.43 


2.303 
23.24 




ZnCl 2 


Fusion 
Vaporiza- 
tion 


c 
liq 


Hq 

g 


760 


548 
1029 


5.5 
30.9 


10 
30.0 




ZnO 


Fusion 


c 


liq 




2248 








ZnS 


Sublima- 
tion 
Transition 
Sublima- 
tion 


c, II 

C.II 

c, I 


g 

c, I 
g 


0.01 
760 


1127 

1293 
1455 


64.3 


57.1 




Zr 


Transition 
Sublima- 
tion 
Fusion 


C, II 

c, I 

C, I 


c, I 

g 

liq 


1.5X10-6 


1135 
2000 

2125 


0.7 
137.7 


0.6 
68.9 




ZrC 


Fusion 


c 


liq 




3765 








ZtCU 


Sublima- 
tion 
Fusion 


c 
c 


g 
liq 


760 


604 
710 


25.3 


41.9 




ZrN 


Fusion 


c 


Hq 




3225 








ZrCh 


Transition 
Transition 
Fusion 


c, III 
c,II 
c, I 


c,II 
c,I 
liq 




1478 
2173 

2988 


1.42 
20.8 


0.96 
7.0 





Figure 4j-l presents vapor-pressure curves for approximately 40 elements and 
compounds. 
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5a. Definitions, Units, Nomenclature, Symbols, 
Conversion Tables 

W. R. SMYTHE 
California Institute of Technology 



5a-l. Fundamental Definitions Based on Mechanical Measurements 

Capacitivity or Dielectric Constant. The capacitivity in farads per meter is the ratio 
of the force between two charged conductors measured in vacuum to that measured 
when the vacuum is replaced by a homogeneous fluid insulating medium, multiplied 
by 8.85434 X 10 -12 . In a homogeneous solid it is the product of 8.85434 X 10 -12 by 
the ratio of the force on a given small charge measured at the center of a thin disk- 
shaped evacuated cavity placed normal to a uniform electric field to that on the same 
charge measured at the center of a thin needle-shaped evacuated cavity aligned with 
the same field. 

Charge. One coulomb is that charge which, when carried by each of two bodies 
whose distance apart r in meters is very large compared with their dimensions, pro- 
duces in a vacuum a mutual repulsion of 8.98740r" 2 X 10 9 newton. A charge of one 
coulomb is transported by a current of one ampere in one second. There are two 
kinds of charge. Electrons carry a negative charge and protons a positive charge. 

Current. An ampere is that current which, flowing in the same direction in each of 
two identical coaxial circular loops of wire whose distance apart r in meters is very large 
compared with their radius a, produces in a vacuum a mutual attraction of 67r 2 a 4 r~ 4 X 
10 -7 newton. A current of one ampere transports one coulomb of charge per second. 
Current direction is defined as that in which a positive charge moves. 

Electric Intensity. The electric intensity in volts per meter is the vector force in 
newtons acting on a very small body carrying a very small positive charge placed at 
the field point, divided by the charge in coulombs. In a homogeneous solid the meas- 
urement is carried out at the center of a thin evacuated needle-shaped cavity aligned 
so that the force lies along the axis. 

Electromotance or Electromotive Force. The electromotance in volts around a closed 
path is the work in joules required to carry a very small positive charge around that 
path, divided by the charge in coulombs. 

Magnetic Induction or Magnetic Flux Density. The magnetic induction in webers 
per square meter is a vector whose direction is that in which the axis of a small circular 
current-carrying test loop that rests in stable equilibrium at the field point would 
advance if it were a right-hand screw rotated in the sense of the current circulation and 
whose magnitude equals the torque in newton meters on the loop when its axis is 
normal to the induction, divided by the product of loop current by loop area. In a 
homogeneous solid the measurement is carried out at the center of a thin evacuated 
disk-shaped cavity oriented so that the induction is normal to its faces. 

Permeability. The permeability in henrys per meter is the ratio of the force 
between two linear circuits' carrying fixed current measured in a homogeneous fluid 
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insulating medium to that measured in a vacuum, multiplied by 4*- X 10 -7 . In a 
homogeneous solid it is the product of 4w X 10" 7 by the ratio of the magnetic induction 
at the center of a thin evacuated disk-shaped cavity oriented so that the induction is 
normal to its faces to that at the center of a thin evacuated needle-shaped cavity 
oriented so that the induction is directed along its axis. 

Potential. The potential in volts at a point in an electrostatic field is the work in 
joules done in bringing a very small positive charge to the point from a point arbi- 
trarily chosen at zero potential, divided by the charge in coulombs. 

6a-2. Basic Laws 

Ampere's Law. At any field point near a linear circuit, each circuit element con- 
tributes to the magnetic induction an amount inversely proportional to the square 
of the distance r from it to the point, directly proportional to its length, current, and 
the sine of the angle between ds and r, and in the direction of ds X r. 

Coulomb's Law. The force in a homogeneous isotropic medium of infinite extent 
between two point charges is proportional to the product of their magnitudes divided 
by the square of the distance between them. 

Faraday's Law of Induction. The electromotance induced in a circuit is propor- 
tional to the rate of change of the magnetic flux linking the circuit. 

Joule's Law. The rate of production of heat in a constant-resistance electric circuit 
is proportional to the square of the current. 

Kirchhoff's Laws. (1) The algebraic sum of the currents flowing into any point in 
a network is zero. (2) The algebraic sum of the products of current by resistance 
around any closed path in a network equals the algebraic sum of the electromotances 
in that path. 

Lenz's Law. The current induced in a circuit due to a change in the magnetic flux 
through it or to its motion in a magnetic field is so directed as to oppose the change 
in flux or to exert a mechanical force opposing the motion. 

Ohm's Law. The current in an electric circuit is directly proportional to the elec- 
tromotance in it. 

6a-3. Definitions of Some Descriptive Terms. For quantitative terms, see 
Table 5a-l. 

Anode. The positive electrode in such devices as the arc, vacuum tube, and 
electrolytic cell. 

Antiferroelectric Materials. Those in which spontaneous electric polarization 
occurs in lines of ions; adjacent lines are polarized in an antiparallel arrangement. 

Antiferromagnetic Materials. Those in which spontaneous magnetic polarization 
occurs in equivalent sublattices; the polarization in one sublattice is aligned anti- 
parallel to the other. 

Cathode. The negative electrode in such devices as the arc, vacuum tube, and 
electrolytic cell. 

Coercive Force. The value of the reverse magnetic intensity needed to destroy the 
magnetic moment of the specimen. 

Conductors. Bodies in which differences of potential, if not maintained by some 
driving electromotance, disappear rapidly with a flow of current. 

Curie Point. The point, as the temperature increases, at which the transition from 
ferromagnetic to paramagnetic properties of a substance is complete. 

Diamagnetic Bodies. Those which, when placed in an inhomogeneous magnetic 
field, tend to move toward its weaker regions. 

Dielectric Bodies. Those which can support an electric strain and in which differ- 
ences of potential disappear very slowly or not at all because of current flow. 

Eddy or Foucault Currents. Circulating currents set up in conducting masses or 
sheets by varying magnetic fields. 
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Edison or Richardson Effect. The thermionic emission of electrons from hot bodies 
at a rate which increases rapidly with temperature. 

Electric Circuit. The path taken by an electric current. Elements of the circuit 
which possess the properties of capacitance, inductance, resistance, etc., (Table 5a-l) 
are known as capacitors, inductors, resistors, etc., respectively. 

Electric Lines of Force. Curves in an electric field whose tangents at any point give 
the direction of the field at that point. 

Electric Tubes of Flux, Charge-free regions in isotropic space whose sides are 
everywhere tangent to the electric intensity and whose ends terminate on charges or 
charged areas or may meet to form closed rings. 

Electrodes. Terminals by which current may enter or leave a region. 

Electrolysis. The process of passing current through a substance when so doing 
liberates one or more of its constituents at the electrodes. 

Electrolyte. A substance. capable of electrolysis. 

EUctrostriction. The change of dimensions of a dielectric body when placed in an 

electric field. ■■ . ■ . 

Ettinghausen Effect. The phenomenon observed when a conductor carries current 
in a transverse magnetic field and a temperature gradient appears in a direction 

normal to both. . . ■ 

Ferrimagnetic Materials. Those in which spontaneous magnetic polarization occurs 
in nonequivalent sublattices; the polarization in one sublattice is aligned antiparallel 

to the other. - ■ : . . . 

Ferroelectric Materials. Those in which the electric polarization (see Table 5a-l) is 
produced by cooperative action between groups or domains of collectively oriented 

molecules. . . , 

Ferromagnetic Materials. Those in which the magnetization is produced by 
cooperative action between groups or domains of collectively oriented molecules. 

Gyromagnetic Effects. The phenomena of magnetization by rotation (Barnett 
effect) and rotation by magnetization (Einstein-de Haas effect). ^ 

Hall Effect. The production of a transverse potential gradient in a material by a 
steady electric current which has a component normal to a magnetic field, 

Hysteresis Curves. These show the steady-state relation between the magnetic 
induction in a material and the steady-state alternating magnetic intensity (see Table 
5a-l) that produces it. . 

Image Force. The force on a charge due to that charge or polarization which it 
induces on neighboring conductors or dielectrics. 

Magnetic Lines of Force, Curves in a magnetic field whose tangents at any point 
give the direction of the magnetic intensity there. 

Magnetic Saturation. A condition in which further increases m the magnetizing 
field produce no increase in magnetization. .. 

Magnetic Tubes of Flux. Regions in space whose sides are everywhere tangent to 
the magnetic induction and whose ends may meet to form closed rings. 

Magnetostriction. The change in dimensions of a body when placed in a magnetic 

Nernst Effect The production of a transverse electric field by a heat current. 

Parallel Connections. These are so arranged that current divides between elements, 
no portion passing through more than one element. 

Paramagnetic Bodies. When placed in an inhomogeneous magnetic field, these 
bodies tend to move toward its stronger regions. 

Peltier Effect. The phenomenon of absorption or generation of heat according to 
the direction of passage of current across a junction of two conductors. 
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Permanent Magnets: Strongly magnetized bodies whose magnetization is little 
affected by the action of internal or external magnetic fields or by moderate mechanical 
shocks. 

Photoconductivity. The property of a material which causes its resistivity (see 
Table 5a- 1) to change when light falls upon it. 

Photoelectric Effect. The liberation of electrons from a surface when light falls 
upon it. 

Piezoelectric Effects. The phenomena of separation of charge in a crystal by 
mechanical stresses and the converse. 

Proximity Effect. The distortion of alternating-current flow in one conductor due 
to that in neighboring conductors. 

Pyroelectric Effect. The phenomenon of separation of charge in a crystal by heating. 

Rectifiers. Devices which offer higher resistance (see Table 5a-l) to current passing 
in one direction than the other. 

Seebeck or Thermoelectric Effect. The flow of current in a circuit consisting of two 
or more conductors caused by temperature differences at the junctions. 

Semiconductor. A rather poor conductor whose conductivity may be changed 
radically by small changes in its physical condition. 

Series Connections. These are so arranged that current must pass through all the 
elements in succession. 

Skin Effect. The concentration of high-frequency alternating current near the 
surface of a conductor. 

Thomson Effects. Phenomena in which potential gradients are produced in a 
material by differences of temperature. 

Triboelectricity. The electric charges separated by friction between bodies. 

Volta or Contact-potential Effects The appearance of opposite charges on two dis- 
similar uncharged metals when placed in contact and the existence of a difference of 
potential between them. 

Work Function. The energy needed to carry a charge across a metal vacuum 
boundary. > 

Note on Tables 5a-2, 5a-3, and 5a-4. These tables are presented to facilitate transr 
position of formulas from one system of units into another. In such systems as the 
Gaussian, the formula to be transposed must be written for a medium in which fismd 
e are not unity before using the tables. For example, the force on a moving charge 
in static fields is 

F = QE + c-iQiv X BO (Gaussian) 

where F is in dynes, Q and E in esu, v in cm /sec, B' in emu or gauss, and c»'3X 10 10 
cm /sec. The equivalent formula in cgs emu is found from Table 5a-3 where, using 
primes for emu quantities, we write according to directions, cQ' for Q, c -1 E' for E and 
obtain 

F - Q'E' + Q'(v X B') (cgs emu) 

For mks units, written with a double prime, we use the same table but write 10^ 6 F" for 
F, iOQ" for Q', 10-V or 10r*l"/t for v or \/t and 10~ 4 B" for B', giving, after cancella- 
tion of 10~ 6 throughout, 

F" = Q"E" + G"(v" X B") (mks) 

In this formula F" is in newtons, Q" in coulombs, E" in volts per meter, v" in meters 
per second, and B" in webers per square meter. 
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Table 5a-l. Symbols. Mks Unit Names. Symbolic 
Definitions. Dimensions' 1 



Quantity 



Symbol 



Mks unit 



Equivalents 



Dimen- 
sions 



Admittance 

Attenuation 

Attenuation constant. . . 
Capacitance. 

Mutual 

Self... 

Capacitivity 

Capacitivity of vacuum . 
Capacitivity, relative. . . 

Charge 

Charge density, line 

Surface 

Volume 

Conductance 

Conductivity 

Surface 

Current 

Current density . 

Surface. 

Dielectric constant 

Displacement, electric. . 
Elastance 

Mutual 

Self.. 

Elastivitity 

Electromotance (electro- 
motive force) 

Electronic charge 

Energy 



Flux, electric 

Flux, magnetic 

Force 

Frequency 

Frequency, angular. . . 
Impedance 

Intrinsic, vacuum. . . 

Mutual 

Self 

Inductance 

Mutual 

Self 

Induction, magnetic . . . 
Intensity, electric 



C 

C m ,C rs 

e 

€v 

K e ,K 

Q,Q,q 

X 

p 
G 

T,(°") 

/,/ 

mJ 

s 

S,Srr 



8,8 

e 

W 

F 



v 

ZyZrr 

L 
M,L m ,L ri 

LfLrr 

E,E 



mho 

decibels 

parts /m 

farad 

farad 

farad 

farad/m 

farad /m 

ratio 

coulomb 

coulomb /m 

coulomb /m 2 

coulomb /m 3 

mho 

mho/m 

mho 

ampere 

ampere /m 2 

ampere /m 

farad/m 

coulomb /m 2 

daraf 

daraf 

daraf 

daraf-m 

volt 

coulomb 

joule 

coulomb 

weber 

newton 

cycle /sec 

radian /sec 

ohm 

ohm 

ohm 

ohm 

henry 

henry 

henry 

weber /m 2 

volt/m 



2-i = G + jB 

10 log (Ai/Ai) 

(xt - zO-Un {Ax/ At) 

QV-i 

QsVr- 1 if Vt = 0, t ^ r 

QrVr- 1 if Vt = 0, t 9* r 

Defined in 5a- 1 

8.85434 X 10~ 12 

ee v ~ l 

Fundamental 

dQ/ds 

dQ/dS 

dQ/dv 

R-i = /F-i 

iE 1 

Defined in 5a-l 

'yE > 'yE 

y'E s ,y'E« 
Defined in 5a- 1 
€ E, € i, €r E + P 

C-\VQ~ l 

VsQr 1 if Qt '=-' 0, t 5* r 
VrQr 1 if Qt = 0, * ^ r 



Defined in 5a- 1 
1.6020 X 10" 19 
I*,QV, i/K • D do, 
|/H • B dv 
Jn • D dS 
In-BdS 
QE, /i XBdv 

vX- 1 ,co(2tt)- 1 
2tcv,2-kv\-i 
l\~\ R +JX 

/!•*€„-* « 1207T 



(/i/ 2 )- 1 /B 2 • n dSx 
(m/ 2 )- 1 /^ 2 dv 
Defined in 5a- 1 
Defined in 5a- 1 



mrH-HQ* 



l~ l 

mrH-H*Q* 

mrH-H*Q* 

m-H-H*Q* 

mrH-WQ* 

m-H-H*Q* 



Q 

l~*Q 

l~ 2 Q 

l-*Q 

m-H-HQ 2 

mrH-nQ* 

m-H-HQ 2 

t~ l Q 

1-H-iQ 

1-H-iQ 

m~H-H 2 Q 2 

l~ 2 Q 

ml 2 t- 2 Q- 2 

ml 2 t- 2 Q- 2 

ml 2 t- 2 Q- 2 

mlH- 2 Q- 2 



mlH 

Q 

ml 2 t~ 2 



Q~ 



Q 

mlH-^Q- 1 
mlt~ 2 

r 1 
r 1 

mlH-iQ- 2 

mlH-^Q- 2 

mlH-^Q- 2 

mlH-^Q- 2 

ml 2 Q- 2 

ml 2 Q- 2 

ml 2 Q~ 2 

mt-^Q- 1 

mlt- 2 Q-i 



° Space vectors are printed in boldface. Phasors, which are complex numbers used in solving alge- 
braically for the steady-state value of a sinusoidally time-dependent quantity, are designated by a flat v 
over the symbol. For conjugate phasors, an inverted flat v is used. The symbol j is used for ( — 1)*. 
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Table 5a-l. Symbols. Mks Unit Names. Symbolic 
Definitions. Dimensions (Continued) 
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Quantity 



Intensity, magnetic . . . . 

Length 

Magnetization (loop) . . , 

Magnetization (dipole) . 

Magnetomotance (mag- 
netomotive force). . . . 

Mass 

Moment, electric ... 

Moment, magnetic loop . 

Moment, magnetic (di- 
pole) 

Period ■. 

Permeance 

Permeability 

Vacuum 

Relative 

Phase angle . . . • 

Phase constant (see 
Wave number) 

Polarization, electric . . . 

Polarization, magnetic 
(see Magnetization) 

Pole strength 

Potential, electrostatic . . 
Electrodynamic ...... 

Vector magnetic 

Power 

Poy nting vector ....... 

Propagation constant. . . 

Quality factor 

Reactance 

Reluctance 

Reluctivity 

Resistance 

Resistivity 

Susceptance 

Susceptibility, electric . . 

Magnetic 

Time 

Time constant 

Velocity of light 

Wavelength 

Wave number (phase 

constant) 

Work 



Symbol 



H,H 

I 

M 

M 

m 

P,P^ 
m,m 

m 
T 

(P 

M 
Hv 
K m 

<P 



m 
V 

&,i 

A,A 

P 

n 

Q 
X 



R 
p 
B 

Xe 
Xm 
t 

T 
C 

A 

0,/b 

w 



Mks unit 



amp-turn /m 
meter 

amp-turn /m 
weber/m 2 

amp-turn 
kilogram 
coulomb-m 
amp-m 2 

weber-m 
second 
henry 
henry /m 
henry /m 

radian 



coulomb /m 2 



weber 

volt 

volt 

weber/m 

watt 

watt/m 2 

parts /m 

a ratio 

ohm 

amp-turn/ 

weber 
m /henry 
ohm 
ohm-m 
mho 



second 
second 
m/sec 
meter 

radian /m 
joule 



Equivalents 



n~ l B, n v ~iB - M 
Fundamental 

(K m - 1)H 
(K m - 1)m*H 

m-^B • ds, <fH • 

Fundamental 

Qds 

7ra 2 /n 

m ds 

Denned in 5a-l 
4tt X 10" 7 



ds 



(K e - IKE 



Defined in 5a- 1 

E = - V3> - dk/dt 

B = V XA 

dW/dt 

ti-'E X B 

« +JP 

uLR- 1 

coL - (coC)" 1 

vi- 1 

Ei 1 

Y = G + jB 
K e -^ 

Km- 1 

Fundamental 
LR~\RC 
2.99790 X 10 8 
2tt^-\2wvo)- 1 

2tt\- 1 ,q)V- 1 , y = a + jjS 

>T-ds 



Dimen- 
sions 



I 

i-n-'Q 

mt^Q- 1 

no 

m 

IQ 

t 

mlQ-* 
mZQ-2 





l~ 2 Q 



mlH^Q- 1 
mlH-tQ- 1 
mlH-tQ- 1 
mlt^Q- 1 

mm-* 

mt~ 3 

I- 1 



mlH^Q-* 

m-H-*Q* 

m-H^Q 2 

mlH^Q-* 

min^Q-* 

m-H-HQ 2 





t 

t 

It- 1 

I 

I- 1 
mlH- 2 
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Table 5a-2. Reduction of Formula to cgs esu° 



Quantity 


Esu 


Emu 


Practical cgs and rationalized mks 


Capacitance 

Capacitivity 

Charge, quantity 

Conductance 


C 

€ 

Q 
G 

y' 

y 

I 

V 

i 

D 

S 
8 

W 
F 

i 

L 
£ 

I 

m 

P 

V 

P 

X 

R 

a 

P 


c~*C 
c~h 
c~ l Q 
c~*G 

c~ 2 y' 
c~ 2 y 

C" 1 / 

c-H' 
<r*i 
c-»D 

c*S 

cS> 

W 

F 

c*2 

c*L 

cE 

I 

m 

c-W 

cV 

P 

c*X 

cm 

C*v 

c*p 


9 -i 10 -nc farad 
9~ 1 10~ 11 e(47r farad) /cm e v e farad /m 
3- i: I0^ 9 Q coulomb 
g-ilO-uG mho 


Conductivity, area 

Conductivity, volume. . . 
Current 


rUO^V'mho 
9~n0- n y mho /cm Q-^IO"^ mho/m 
3-110-9/ amp 


Current density, area. . . 
Current density, volume . 
Displacement 


3-1IO-H' amp /cm S-nO~ 7 i' amp/m 
S-^O" 9 ! amp /cm 2 S-HO-H amp/m 2 
3-110-9D 3e v 10 4 D coulomb /m 2 


Elastance 


(47r coulomb) /cm 2 

9 X 10 n /Sdaraf 


Electromotance 

Energy... 

Force; 


3008 volt 
W erg lOr'TV joule 
F dyne 10~ 8 F newton 


Impedance. ;■.■... 


9 X 10 u 2ohm 


Inductance 


9 X 10. n L henry 


Intensity, electric 

Length. . . 


300E volt/cm 30,000E volt/m 
I centimeter 10" 2 Z meter 


Mass 


m gram 10~ 3 ra kilogram 


Polarization, electric .... 

Potential, electric 

Power 


3" 1 X 10" 9 P 3" 1 X 10" 5 P 
coulomb /cm 2 coulomb /m 2 
300 F volt 
P erg/sec 10~ 7 P watt 


Reactance 


9 X 10 n X ohm 


Resistance 


9 X 10 U R ohm 


Resistivity, area. 

Resistivity, volume ..... 


9 X 10 u (r ohm 
9 X 10 n p ohm-cm 9 X 10 9 P ohm-m 



a A formula given in emu, unrationalized practical cgs or rationalized mks units, in which the capaci- 
tivity or permeability, if relevant, appears explicitly, is expressed in cgs esu by replacing each symbol by 
the value given in the emu, practical cgs or rationalized mks column, respectively. Each line may be 
read as an equation relating the size of the units involved. Here c is 2.9979 X 10 10 . For precise work 
the 3 and 9 factors should be replaced by 2.9979 and 8.9874. 
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Table 5a-3. Reduction of Formula to cgs emu° 
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Quantity 



Emu 



Esu 



Practical cgs and rationalized mks 



Capacitance 

Charge, quantity 

Conductance. 

Conductivity, area 

Conductivity, volume. . . . 

Current 

Current density, area 
Current density, volume . 

Elastance. 

Electromotance 

Energy... . 

Flux, magnetic 

Force 

Impedance. 

Inductance 

Induction, magnetic. ... 

Intensity, electric 

Intensity, magnetic 



Length 

Magnetic moment (dipole) . 
Magnetic moment (loop) . . 
Magnetization (dipole) 
Magnetization (loop) ...... 

Magnetomotance 

Mass. . . . . . 

Permeability. . 

Pole strength, magnetic . . 

Potential, electric 

Potential, vector 

Power 

Reactance. . . .': 

Reluctance 



Resistance. 

Resistivity, area 

Resistivity, volume. 



W 
*■• 
F 

i 

L 
B* 
E 
H* 

I 

m'* 

m* 

M" 
M* 
ff* 

M 
M* 

rn* 

V 

A* 

P 

X 



c*C* 

cQ* 

c*G* 

cV* 

c 2 7 * 

cl* 

d'* 

d* 

c~*S* 

W 

c" l <i> 

F 

c~*L* 
cr*B 

cH 



~W 



I 

c- l m' 

cm 

c-W 

cM 

c$ 

m 

c~V 

c~ l m 

P 
c-*X* 

c 2 (R 

€T*R* 



10 9 7 mho/cm 

10i' amp /cm 
lOi amp /cm 2 



W erg 
<£ maxwell 
F dyne 



B gauss 
10~ 8 E volt/cm 
H oersted 



I centimeter 
4rfm' maxwell-cm 
10m amp-cm 2 
4*-M- maxwell/cm 2 
10M amp/cm 
£ gilbert 
m gram 

\i gauss/Oersted 
4irrn maxwell 

10 
A gauss-cm 
P erg /sec 



10 9 C farad 

10 Q coulomb 

10»G mho 

10V mho 

10 n 7 mho/m 

10/ amp 

10 s i' amp/m 
10H amp/m 2 

10" 9 S daraf 

10" 8 8volt 

10- 7 TT joule 
10~ 8 <£ weber 
10~ 6 F newton 

10" 9 ^ ohm 

10" 9 L henry 

10" 4 B weber/m* 
10" 6 E volt/m 
(4ir)- l 10»H 
amp-turn /m 
10~ 2 £ meter 
47rl0~ l0 m / weber/m 
10 _3 m amp-m 2 
4tt10- 4 M' weber/m 2 
1000M amp/m 
(4tt)" 1 103 : amp-turn 
10~ 3 ra kilogram 
4it10"* 7 /li henry /m 
4?rl0~ 8 m weber 
W volt 

10~ 6 A weber/m 
10" 7 P watt 



10 



(R gilbert /max 



10" 9 p ohm-cm 



9 X ohm 

(4 1 r)~ l l0 9 (R 
amp-turn /web 
10- 9 «ohm 
10"V ohm 

i0~ u p ohm-m 



'*:A formula given in esu, Gaussian (starred)* unrationalized practical cgs, <?r rationalised mks units, 
in which the capacitivity or permeability, if relevant, appears explicitly, is expressed in cgs emu by 
replacing each symbol by the value given in the esu, starred, practical cgs, or rationalized mks columns, 
respectively. Each line may be read as an equation relating the size of the units involved. Here t is 
2.9979 X 10 10 . 
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Table 5a-4. Reduction of Formula to Rationalized mks Units* 1 



Quantity 


(a) Practical cgs 
(b) mks 


Emu 


Esu 


Capacitance 


C farad 


10~ 9 C 


9 X 10 n C* 


Capacitivity 


(a) e (4x farad) /cm 


10~ 9 € 


9 X 10 n €* 




(b) e farad /m 


4x10" "e 


e,"^* 


Charge, quantity 


Q coulomb 


lO- 1 ^ 


3 X 10 9 Q* 


Conductance 


G mho 

7' mho 


10~ 9 G 
10-V 


9 X lO 11 ^* 


Conductivity, area 


9 X 10 n 7'* 


Conductivity, volume 


(a) 7 mho /cm 


10~ 9 7 


9 X 10 u 7* 




(b) 7 mho/m 


10- n 7 


9 X 10 9 T * 


Current 


/ ampere 

(a) i' amp /cm 


io- 1 / 


3 X 10 9 /* 


Current density, area 


io-h' 


3 X 10 9 i'* 




(6) i' amp/m 


io-h 7 


3 X 10 7 i'* 


Current density, volume . . . 


(a) i amp /cm 2 


10-4 


3 X 10 9 i* 




(6) i amp/m 2 


10~ 5 i 


3 X 10H*- 


Displacement, electric ..... 


(a) D (4tt coulomb) /cm 2 


lO^D 


3 X 10 9 D* 




(b) D coulomb /m 2 


4tt10- 5 D 


(3e v )-no-*v* 


Elastance 


£ daraf 
8 volt 
(a) W erg 


10 9 £ 
10 8 S 


9-110-115* 


Electromotance 


(SOO)-^* 


Energy, j 


w 




(b) W joule 


10W 


10 7 TF 


Flux, magnetic. 


(a) & maxwell 


<i>* 


3-iiO-io^ 




(b) & weber 


10 8 <t>* 


(300) - 1 * 


Force 


(a) F dyne 


F 


F 




(6) F newton 


10 5 F 


10 5 F 


Impedance 


i ohm 
L henry 


10 9 £ 
10 9 L 


9-ilO-u^* 


Inductance .-...- 


9-no-"L* 


Induction, magnetic 


(a) B gauss 


B* 


S-^O-^B 




(6) B weber /m 2 


10 4 B* 


3 -i 10 -6B 


Intensity, electric 


(a) E volt /cm 


10 8 E 


(300) -!£* 




(6) E volt/m 


10 6 E 


3-1IO-4E* 


Intensity, magnetic. 


(a) H oersted 


H* 


3 X 10 10 H 




(6) H amp-turn /m 


4tt10- 3 H* 


12tt10 7 H 


Length 


(a) I centimeter 


I 


I 




(6) Z meter 


ion 


10H 


Magnetic moment (dipole) . 


(a) m' maxwell-cm 


(4^)"^'* 


(l^^lO-wiii' 




(6) m' weber-m 


^Tr^lO^m'* 


(127r)-im / 


Magnetic moment (loop). . 


(a) m amp-cm 2 


lO-^m* 


3 X 10 9 m 




(6) m amp-m 2 


10 3 m* 


3 X 10 13 m 


Magnetization (dipole). . . . 


(a) M' maxwell /cm 2 


(4ir)- 1 M / * 


(127r)- 1 10- 10 M' 




(6) M' weber /m 2 


(47r)- 1 10 4 M / * 


(12x)- 1 10- 6 M / 


Magnetization (loop). ..... 


(a) M amp /cm 


10- iM* 


3 X 10 9 M 




(6) M amp/m 


10 3 M* 


3 X 10 7 M 



a A formula given in cgs emu, cgs esu, or Gaussian (starred) units, in which the capacitivity or per- 
meability, if relevant, appears explicitly, may be expressed in (a) unrationalized cgs practical units or 
(6) rationalized mks units by replacing each symbol with its value in the emu, esu, or starred column, 
respectively. Each line may be read as an equation relating the size of the units involved. In precise 
work, replace 3 by 2.9979 and 9 by 8.9874. 



A 
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Table 5a-4. Reduction of Formula to Rationalized mks Units {Continued) 



Quantity 


(a) Practical cgs 
(b) mks 


Emu 


Esu 


Magnetomotance 


(a) 5 gilbert 

(b) $ amp-turn 
(a) m gram 

(6) m kilogram 

(a) a* gauss /oersted 

(b) \x henry /m 

(a) P coulomb /cm 2 

(b) P coulomb /m 2 

(a) m maxwell 

(b) m weber 
Fvolt 

(a) A gauss-cm 
(6) A weber /m 
(a) P erg /sec 
(6) Pwatt 
X ohm 

(a) (R gilbert /max 

(b) (Ramp-turn /weber 
R ohm 

<r ohm 

(a) p ohm-cm 

(6) p ohm-m 


47rl0- 1 $* 

m 

10 3 ra 

/** 

(4tt)- 1 10V* 

10" l P 

10~ 6 P 

(47r)- 1 10 8 m* 

10 8 Y 

A* 

10 6 A* 

P 

10 7 P 

10 9 X 

(R* 

4tt10- 9 (R* 

10 9 # 

10V 

10 9 P 

10 n p 


3 X lO 10 ^ 


Mass 


12tt X 10 9 ff 
m 


Permeability 


10 3 m 
9 -ilO-2o M 


Polarization, electric 

Pole strength 


3 X 10 9 P* 
3 X 10 5 P* 
(127r)- 1 10- 10 m 


Potential, electric 


(1200^)"^ 
(300)-^* 


Potential, vector 


3 -i 10 -ioa 


Power 


s-uo^a 

P 


Reactance 


10 7 P 
g-ilQ-uX* 


Reluctance 


9 X 10 20 (R 


Resistance 


36tt X 10 n (R 


Resistivity, area 


9- 1 10- 1 V* 


Resistivity, volume 


9" 1 10- 11 p* 
9~ 1 10- 9 p* 



5b. Formulas 

W. R. SMYTHE 1 
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S. SILVER, J. R. WHINNERY, AND D. J. ANGELAKOS 2 
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STATIC-FIELD FORMULAS 

Note. In the following formulas « designates an approximate equality, K(k) and 
E(k) are complete elliptic integrals of modulus k, F(<t>,k) and E(<f>,k) are incomplete 
elliptic integrals, In x is the natural logarithm of a, 8 n m is the Kronecker delta which is 
zero unless m equals n when it is one, J n (x) is a Bessel function, T(x) is a gamma func- 
tion, (2n — 1)'!! means 1 • 3 • 5 • • • (2n — 1), (2n)!I means 2-4-6 • • • (2n). 
Vectors are written boldface unless only the strength or magnitude is involved when 
the same symbol is used without boldface. The positive value of a difference x — y 
is indicated by \x — y\. 

5b-l. Capacitance Formulas in MKS Units 

Single Body Remote from Earth 

Sphere of radius a C « 4x«a « 1.1128 X 10~ 10 a 

Oblate spheroid of semiaxes a and c, a > c C — 4ire(a 2 — c 2 )*[tan _1 (a 2 c~ 2 — l)*] -1 
Prolate spheroid of semiaxes a and 6, a > b C = 4tire(a 2 — & 2 )*[tanh -1 (1 — fe 2 ** -2 )*]" 1 
Ellipsoid of semiaxes a, 6, and c, a > b > c 

C - 47T € (a 2 - c*)*[F(k t 4>)]- 1 

where <j> = sin" 1 (1 - c 2 ar 2 )* and k = (a 2 - 6 2 )*(a 2 - c 2 )"*. 

Circular disk of radius a C — Sea 

Elliptic disk of semiaxes a and b f a > b C = &n-ea{K[(l — b 2 a~ 2 )*]} -1 

Two spheres of radius a in contact C » Sirea In 2 

Two spheres of radii a and b in contact 

C ** ~4ir«a6(a + 6)~M2t + +[b{a + 6)"" 1 ] + tfa(a + 6)- 1 ]} 

Whet© ^(2) « t*'(*)/r(f> and t i» Euler's constant 0.5772. 

i Static -Md formulas, 
ft Dynamie-neld equations. 
• Some solid-fiat* formulas. 

<M2 
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Two spheres of radius a, distance between centers c, connected by thin wire 



C = Swea sinh Y (-l) w+1 csch ra/3 



n = l 



where cosh = yea 1 . 

Two spheres of radii a and 6, distance between centers c, connected by thin wire 

00 

C «■ &r€a& sinh a ) ((c sinh na) _1 + [a sinh na + 6 sinh (n — l)a] -1 } 

where cosh a = ^a"" 1 ^" 1 ^ 2 — a 2 — b 2 ). 

Two spherical caps with a common rim which meet at an external angle x/ra where m 

is a positive integer 

00 

C = 4ir«a{l + sin a ^ [esc (m-^x + a) — esc (m _1 sx)]} 
* = 1 

The sphere of which the flatter cap is a portion has a radius a and the rim subtends an 

angle a at its center. 

Same as above but with external angle Stt/2. 1 

C - 4x«3-*a sin «(3* - Z~^ + [2 sin |a(sih £a + sin ^r)]" 1 

+ [2 COS ^a(cOS -g-a + COS -ffir)] -1 } 

Spherical bowl whose chord, drawn from center to rim, subtends an angle a at the 
center of the sphere of radius a on which it lies 

C = 4ea(a + sin «) 

Torus formed by rotation of a circle of radius a about a coplanar line a distance b from 
its center 

00 

C = W>(1 - a 2 b~ 2 )\ Y (2 - 5«») |^ 

n = l 

where P = 2/b*K(fc'), Q - 2/b*K(fc), Pi - 2Ar*#(/b'), and Qi = 2Ar*[tf (&) - E(k)] 
and the moduli of the complete elliptic functions are given by 

k - a[b + (6 2 - a 2 )*]" 1 - (1 - A;' 2 )* 

When n > 1, the following recurrence formula may be used to find both P n and Q n 

(2n + l)P»+i - 4na- 1 6i > w + (2n - l)P»-i = 

A capacitance table is given in Australian J. Phys. [7, 350 (1954)]. 
Torus formed by rotation of a circle of diameter d about a tangent line 

C = &red T [JiiKd)]- 1 SoAknd) » 0.970 X 10" 10 d 

n = l 

where So.o(fcnd) is a Lommel function and Jo(k n d) = 0. 

1 For additional intersecting sphere-capacitance formulas, see Snow, /. Research Natl. 
Bur. Standards 43,377-407(1949). 
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Aichi's formula for a nearly spherical surface 

C « 3.139 X lO" 11 ^ 
where S is surface area. 
Cube of side a. Close lower limit 

C « 0.7283 X 10" 10 a 

Figure of rotation, z = a (cos u + k cos 2u), p = a (sin u — k sin 2u), < k < ^ 

C « 1.11278 X 10- 10 a(l - 0.06857A; 2 - 0.00559A; 4 ) 

Flat circular annulus, with edges at p = a, p = b. a < b 

C - 4.510 X 10-6 [cos- £ + (l - g)* tanh- |] (l + ™^ tan' !»,) 

Error varies from about ± 0.001 C at 6 = 1.1a to zero at b = a. 

C « 17.48 X 10" 12 (a + b) {In [16(a + 6)(6 - a)" 1 ]}" 1 

Error varies from about +0.001C at b — 1.1a to zero at b = a. 

Thin torus generated by rotation of a circle of radius a about a coplanar line a distance 

b from its center 



C « 3.49066 X 10~ 10 6 



('»?)" 



Capacitance between Two Bodies Remote from All Others and Carrying Equal and 
Opposite Charges 

Two spheres of radii a and b with distance r between centers 

C = (C11C22 — Ci2 2 )(cn + c 22 + 2ci 2 ) _1 
00 
where cu or c 2 2 = 4irea6 sinh a y [(6 or a) sinh not + (a or b) sinh (n — l)a], 

n = l 

C12 = — 47rea6r _1 sinh a > csch na and cosh a. = -^(r 2 — a 2 — 6 2 )a -1 6 _1 
n = l 

Two equal spheres of radius a with distance r between centers 

00 
C = 27rca sinh } [csch (2n — 1)0 + csch 2n0] 

n = l 

where cosh /3 = \rar x . 

KirchhofTs formula for two identical plane parallel coaxial circular disks of thickness t 

and radius r with square edges and a distance a* between adjacent faces 

C « 8.855 X 10- 12 (7rr 2 d- 1 + r { -1 + In [lOirrd-Kl + td~ 1 )] + 4*-*d- 1 In (1 + t~H)\) 

Two identical oppositely charged plane parallel coaxial infinitely thin circular disks 
at a distance c apart 

C « 8.855 X 10~ 12 Wr^d- 1 + r[ln (lfard- 1 ) - 1]\ 

Two thin oppositely charged coaxial rings generated by rotating two coplanar circles 
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of radius a about a line parallel to and at a distance b from the line of length c that 
joins their centers 

C ~ 1.7480 X 10- {j^lnf + (48l ^ g[(l + 4^)-^ 

Capacitance between Two Bodies, One Enclosing the Other 

Concentric spheres of radii a and b, a < b C — 4ireab(b — a)~ l 
Spheres of radii a and b with distance c between centers 

00 

C — 4ireab sinh a / [b sinh not — a sinh (n — l)a] _1 

where cosh « = |-(a 2 -f b 2 — c 2 ){ab)~ l . 

Confocal ellipsoids with semiaxes a > b > c, a' > b' > c', and a > a' 

C - 4xea'(a - a') _1 (a 2 - c 2 )M^[(a 2 - 6 2 )*(a 2 - c 2 )~*, sin" 1 (1 - c 2 ^ 2 )*]}- 1 

Small sphere of radius a midway between planes a distance 2c apart 

C « 1.1128 X 10" 10 Q - i In 2 V' 

Two-dimensional Formulas for Capacitance per Meter Length 

Let U + jV = /(# -f J2/), then if Vi and F 2 form two closed curves in the xy plane 
such that all U lines originate inside one and terminate inside the other and are con- 
tinuous in the intermediate regions, Vi and Vi are sections of two cylindrical con- 
ductors and the capacitance per meter between them is 

Ci = e[U]\V s - Fih 1 

where [U] is the increment in U in passing once around Vi or V 2 in the positive 

direction. 

Two circular cylinders of radii a and b with a distance c between centers 



n o ( w \° 2 - « 2 - b*\\~i 



One cylinder may enclose the other or they may be mutually external. 
Cylinder of radius a and plane at a distance c from its center 

Ci = 2 ir€ [cosh- 1 (ca- 1 )]" 1 

Coaxial circular cylinders of radii a and b, b > a 

d = 2tt€ In (a-ifc) 

Confocal elliptic cylinders semiaxes a, b and a', b' } b > a, b' > a', a > a' 

d = 27re[tanh-i (6"ia) - tanh" 1 (jb'-W)]- 1 

Two identical infinite parallel coplanar strips with near-edge distance 2a and far-edge 
distance 26 
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Two identical infinite parallel flat strips of width 2a at a distance 26 apart in position 
to form opposite faces of a rectangular prism 1 

d - eK[(X - k^lKVc)]- 1 - eKWlKVc)]- 1 

where k must be chosen to satisfy 

a _ K(k')E{cos-i [E(k')/K{k')] t k'\ - E{k')F\GO^ [E(k')/K(k% k'\ 
b ~ E(k')K{k) - (k/k')*E(k)K(k') 

Approximate formula for above 

Ci « eb^all + Hira)- 1 ^ + In (2rb- 1 a)]} 

Square coaxial line with faces of inner square section of width 2a parallel to faces of 
outer square section of width 26 

n _ o ^Kfci 2 ~ kJ)\k x -\\ - ktf-i] 

where k\ and fc 2 are found from 

g(fei) = g[(l - fo 2 )*] = 6+a 
X[(l - fci 2 )*] K(k 2 ) b - a 

Strip of width 6 coplanar with and parallel to the edge of a semi-infinite grounded 
sheet with a gap a between them 

Ci = 2eK[bHa + 6)-*] [K[a*(a + 6)"*] )"* 

Circular cylinder of radius a midway between earthed parallel plates at a distance 
26 apart 

Ci « 4eK(sin 0)[K(cos 0)]" 1 

where must be chosen to satisfy 

sin = tanh [wa0(2be — xa) _1 ] 

This is an upper limit which is about 0.1 per cent above the true value when a = ^6 
and approaches the true value as a/6 diminishes. 

Small wire of radius a parallel to and at a distance c from the nearer of two parallel 
earthed plates at a distance 6 apart, a «c 



ft-«-[-(5*?)r 



Rectangular prism of n sides, each side of width a, coaxial with and inside circular 
cylinder of radius b. b y>a 

Ci « 27T € [ln (a-W)]- 1 

where N = 2m- 1 r(l -f 2n~ 1 )[r(l + n" 1 )]" 2 . 

Capacitance Edge Corrections. Consider a thin, charged semi-infinite plate with 
straight edge parallel to and halfway between two infinite conducting plates at poten- 
tial zero spaced a distance 6 apart. Increased capacitance per unit length of edge due 
to bulging of field is equivalent to adding strip of width ■*-% In 2 to the edge and 
assuming no bulging. 

1 For other two-strip configurations see A. E. H. Love, Proc. London Math. Soc. 22, 
339-369 (1923). 
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Same as above but infinite plates a distance 2B apart and central plates of thickness 
2 A with square edge. Increased capacitance per unit length due to bulging of field 
equivalent to adding to central plate a strip of thickness 2 A and width 



? f Bln 2* - A _ A ln [A(2B - A)m 
w\" m B-A Ain B-A ) 



and assuming no bulging or charge on edge. 

Parallel-plate capacitor with rectangular step in one plate, spacing on one side of 
step a and on other b. b > a. Additional capacitance per unit length of step above 
that from assumption of uniform field on each side of step is 



V ab b - a 4ab ) 



Two infinite sheets, each of which has one half bent at right angles to the other, are 
placed with the edges of the bends parallel so that the distance between sheets on one 
side of the bend is a and on the other b. The additional capacitance per unit length 
of bend over that given by the assumption of a uniform field over each a half of the 
inner sheet and no field in the corner rectangle is 

— I In — —=- f- T tan -1 - + - tan -1 T 1 

v \ ±ab b a a b) 

Capacitance and Elastance Coefficients 

In a system of n conductors the charge on conductor m is 

Qm - C lm Vi + C 2m V 2 + • • • + C m mV m + ■ • • + C n mV n 

In a system of n conductors the potential of conductor m is 

Vm — SimQl + S 2m Q 2 + • • • + S mm Q m + • • • + SnmQn 

The force or torque tending to increase distance or angle x is 

-it 2fc**-+i| If".". 

P = l 8 = 1 p»l fl = l 

The energy of a System of n conductors is 

n n n n 

^"'X 2 CpqVpV « " * X %*~Q*Q* 

For two distant conductors 

S pq = S qp « (4lT€r) _1 

If conductor 2 encloses conductor 1 only, then 

Cn = ~ci2 and Si r ~ 8z r 
where 1 < r. 

For two spheres of radii oi and a 2 with centers a distance c apart, far from all other 
bodies 

«• ' 

en «■ 47r#aiag sinh a } [a% sinh na ± ai sinh (n — l)a]~ 1 
n»l 
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where cosh a. ■= \\c 2 — a 2 — b 2 \a~ l b~ l and the upper sign is used unless o 2 encloses at. 
If spheres are mutually external 



Cl2 = — 4ir€aia 2 c _1 sinh a > csch na 



n-l 



If the capacitances to earth of two distant bodies when alone are d and C 2 , the 
capacitance coefficients are approximately 

IfcrWd CiC 167rVr 2 C 2 

Cn ~ lfcrVr* - CiC, Cl2 " C21 ~ "' W ° 22 ~ 16#Vr« - CiC, 

5b-2. Electrostatic-force Formulas. The force in the direction of the unit vec- 
tor m on a conductor with surface charge density <r in a dielectric of capacitivity c is 



F m -ic- 1 J s <r*m-n 



dS 



where n is a unit vector normal to the surface. 

When a uniform isotropic dielectric body of capacitivity e occupies the volume v, 
where, before its advent, the field due to a fixed distribution of charge was E and after 
its advent E', its energy is 

W = i J v (e v - e)E • E' <& 

The force or torque tending to increase the distance or angle x of the above body is 

F dW > 

* = "to" 

The torque tending to increase the angle a which the normal to a disk of radius a 
makes with a field that would be uniform and of strength E except for the disk is 

T = | ea 3 ^ 2 sin 2a 
o 

The torque tending to increase the angle a between the field and the major axis of an 
oblate dielectric spheroid of capacitivity e with semiaxes a and 6, where b > a, placed 
in a field that would be uniform and of strength E except for the spheroid is 

2ire v (K - l)*b*aE*(SP - 2) sin 2« 
1 ~ S[(K - 1) 2 P 2 + (K - 1)(2 - K)P - 2K] 

where P = A[(l + A 2 ) cot" 1 A - A], A = a(fe 2 - a 2 )"*, and K = ecr 1 . 
If the above oblate spheroid is conducting, the torque is 

2ire v b 2 aE 2 (3P - 2) sin 2a 
1 " 3P(P - 1) 

The torque tending to increase the angle a between the field and the major axis of a 
prolate dielectric spheroid of capacitivity e with semiaxes a and b where b < a placed in 
a field that would be uniform and of strength E except for the spheroid is 

2r*v(K - l) 2 fr 2 afl 2 (2 - ZQ) sin 2a 



S[(K - 1) 2 Q 2 + (K - 1)(2 - K)Q - 2K] 
where Q = C[(l - C 2 ) coth" 1 C + C]. C = a (a 2 - b 2 )~ h and K - cc," 1 . 
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If the above prolate spheroid is conducting, the torque becomes 1 

T = 2ir€ v b 2 aE*(2 - SQ) sin 2<* 
3Q(Q - 1) 

Two parallel cylinders of radii a and 6 carry charges +Q and — Q and their axes are a 
distance c apart. The force per unit length tending to increase c is 

Fr-— ±^ 



2tt€[(c 2 - a 2 - 6 2 ) 2 - 4a 2 b 2 ]h 



The plus sign is used if one cylinder encloses the other and the minus sign if they are 
mutually external. 

Two identical coplanar parallel strips carry charges -\-Q and — Q, the distance between 
their nearer edges being 2a and between their far edges 26. The attractive force per 
unit length between them is 

F 1 = whQ2 



Sea(a + b)[K(a/b)] 2 



Two identical infinite coplanar parallel conducting strips carry equal positive charges 
Q, the distance between their near edges being 2a and between their far edges 2b. The 
repulsive force per unit length between them is 



2we(a + b) 



The force on a point charge at a distance b from the center of a sphere of radius a at zero 
potential is 

abQ 2 



F = 



4rre(a 2 - 6 2 ) 2 



When b > a, the force is toward the center; and when b < a, it is away from the center. 
The repulsive force between a point charge q at a distance b from the center of a sphere 
of radius a carrying a total charge Q is, when b > a, 

q r a\a 2 -2b 2 )q -\ 

4tt€6 2 1 v " r . b(b* - a 2 ) 2 J 

At the point xo, 2/0, zq inside a rectangular conducting box bounded by the planes 
x = 0,a, y = 0,6, z = 0,c, the image force on a charge Q is 

00 00 
p - _ ?8! V V sinh A mn (c — 2z ) . 2 mrso . 2 wtti/o 
ea6 Z/ Z/ sinh A mn c a 6 

n== 1 w= 1 

in the z direction where A mn — x(a6) _1 (^ 2 a 2 + n 2 6 2 )*. The other force components 
are given by cyclic permutation of the symbols x } y, z; a, 6, c; and x , yo, z . At a 
distance c from one of two parallel uncharged plates at a distance 6 apart, the image 
force on a charge Q is 



F = 



K*H) -'(*0] 



Wirea 2 

where f (z,a) is a Riemann zeta function. 

1 For torque on general ellipsoid, see Stratton, "Electromagnetic Theory," p. 215, 
McGraw-Hill Book Company, Inc., New York, 1941. 



6-20 ELECTRICITY AND MAGNETISM 

On the axis and at a distance b from the center of a conducting disk of radius a carrying 
a charge Q, the repulsive force on a point charge q is 



F - 



4x€(a 2 + b*) 



f„ a(36*+a 2 )g , 36 2 - a 2 . _.a"\ 



At a distance c from the center of an uncharged dielectric sphere of radius a and rela- 
tive capacitivity K, the attractive force on a charge Q is 



p _ (K - 1)Q 2 



47T€t,C 2 

n = l 



V n(n + 1) fay 
U Kn + n + 1 W 



At a distance c from the plane face of an infinite block of dielectric of relative capaci- 
tivity K , the attractive force on a point charge Q is 

F== Q 2 g-i 
16tt€ v c 2 x + 1 

The attractive force on a point charge Q at a distance a from the plane face of a 
dielectric slab of thickness c and relative capacitivity K is 

* 16™, La 2 ■ P ; L, (a + nc)*J 

where /3 -.(X - l)(K + X)" 1 . 

The attractive force per unit length on a line charge of strength X per unit length 
parallel to and at a distance c from the axis of an uncharged circular cylinder of radius 
a and relative capacitivity K is 

Fi= K-l X 2 a 2 



K + 127re v c(c 2 -a 2 ) 



For a conductor, K = » ; so the first factor is unity. 

The force toward the wall per unit length on a line charge of strength X per unit 
length parallel to and at a distance c from the axis of a circular cylindrical hole of 
radius a in an infinite block of dielectric of relative capacitivity K is 



K + 1 27T€„(a 2 - c 2 ) 



For a conductor, K = <*> ; so the first factor is unity. 

The attractive force per unit length on a line charge of strength X per unit length 
parallel to and at a distance a from the nearer face of a dielectric slab of thickness a and 
relative capacitivity K is 



'^^[i-^-wI'lrS] 



it? 

4ir€„ _ 

n - 1 

where - (# - 1)(2£ + l)" 1 . 

In the foregoing case, if a = mc where m is an integer, the force per unit length is 

expressible in finite terms; thus 

n •■ 1 
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The attractive force per unit length on a line charge of strength X per unit length 
parallel to and at a distance a from an uncharged conducting plane is 



47rea 



The attractive force between a line charge of strength X per unit length and an 
uncharged conducting sphere of radius a whose center is at a distance b from it is • 



X 2 a 2 



we v b(b 2 - a 2 )* S b 

The attractive force between a line charge of strength X per unit length and an 
uncharged dielectric sphere of relative capacitivity K and radius a is 

„ = (K - 1)X 2 V n(2n-2)Il- (a\ 2n+1 

tcu L, (2ii - l)\\(Kn + n + 1) \b) 



n = l 



6b -3. Multipole Formulas. The potential of a point charge Q is 

4:7rer 

where r is the distance from the charge to the field point. 
The force on a point charge in a field of electric intensity E is 

F = QE 

The potential of a dipole of moment p is 

V — P cos e _ P ' r 

4arer 2 4wer s 

where r is measured from the dipole to the field point. 

The force on a dipole in a field E is F = (p • V)E. 

The torque on a dipole in a field EisT = p X E. 

The mutual energy of two dipoles of moment pi, p 2 which make angles 0i and 2 

with the vector r that joins them and whose planes intersect along r at an angle xf/ is 

W = ^z (sin 0i sin 2 cos tp —2 cos 0i cos 2 ) 

The components of force and torque between two dipoles are 

_ dW _ dW 

Fr ~ ~"a7 Ta - "fa 

The potential of a multipole of the nth order and moment strength p( n > is 

= (-l)np(n) a n /^ 

4^! aix • • • az n \r/ 

n 

= y (a nm cos ra^> + bum ^in m<p)r~ n ~ 1 P n m (cos 0) 
6b-4. Dielectric -boundary Formulas. If V and F" are the electrostatic potentials 
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in the dielectrics e' and e", then at their uncharged interface 

dV dV" 

V' = V" and ^-^ 

where n is a coordinate normal to the interface. 

The normal stress, directed from e" to e', on the above interface is 



2.' V «' «" / 



where D[ and D' n are the tangential and normal components of the displacement in e'. 
6b-5. Dielectric Bodies in Electrostatic Fields. A sphere of radius a and capaci- 
tivity € is placed in a uniform field of intensity E. The uniform field intensity inside 
and the potential outside due to its polarization are, respectively, 

„ 3e,E y E J^LA^ cose 



where r is measured from the center of the sphere and E is directed along = 0. 
An oblate dielectric spheroid of capacitivity c whose minor (rotational) axis on = is 
2a and whose focal circle is of radius c is placed in a uniform electric field E parallel to 
= 0. The uniform field inside and the potential outside due to its polarization are, 
respectively, 

Ei = E e v c*M V P - M(e - evMa* -f c*)E (cot' 1 r - r 1 )** cos 
where M - {a(e v - e)[(a 2 + c 2 ) cot" 1 (c^a) - ac] + ec 3 }" 1 

and r 2 = ^" 2 {r 2 - c 2 + [(r 2 - c 2 ) 2 + 4r 2 c 2 cos 2 0]*} 

The above spheroid is placed in a field E' in the <p = direction, normal to the = 
axis. The uniform field intensity inside and the potential outside due to its polariza- 
tion are, respectively, 

Ej = 2We v c*M ' T^ = M'(e - e v )a(c* + a 2 )E , [cot" 1 f - r(l + r 2 ) _1 ]r sin cos ? 
where M' = {a(e - e v )[(a 2 + c 2 ) cot" 1 (c"^) - ac] + 2e v c*}~ 1 

The above spheroid is placed in a uniform field E which makes an angle a with its 
rotational 0=0 axis. The uniform field inside and the potential outside due to its 
polarization are, respectively, 

E oi = E e v c 3 [ikf cos a. + M' sin «] Vo P = E,[V P E^ cos a + V' V E'- 1 sin a] 

where V p) V p , E, and E' are given in the preceding formulas. 

A prolate spheroid of capacitivity e whose major (rotational) axis on = is 2b and 

whose focal distance is 2c is placed in a uniform electric field E parallel to = 0. The 

uniform field intensity inside and the potential outside due to its polarization are, 

respectively, 

E . = Ee v c z N V p = N(e - e v )b(c 2 - b^Eicoth' 1 y - iT 1 )*" COS 

where N = {b(e v - 0[(c 2 - 6 2 ) coth" 1 (c~%) + be] + ec 3 }" 1 

and v 2 = -k" 2 {r 2 + c 2 + [(r 2 + c 2 ) 2 - 4c 2 r 2 cos 2 0]*} . 

The above spheroid is placed in a field E' in the <p = direction normal to the 0=0 
axis. The uniform field inside and the potential outside due to its polarization are, 
respectively, 

Ei = We v cW V' p - N'{e - e v )b(b* - c 2 )^ , [coth" 1 r, - r,(l - ij 2 )- 1 ^ sin cos <p 
where #' - (6(e v - *)W - c*) coth" 1 c^b - be] + 2e v c^~K 
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The above prolate spheroid is placed in a uniform field E which makes an angle a with 
its rotational = axis. The uniform field inside and the potential outside due to its 
polarization are, respectively, 

E M = Eo*vC 3 [N cos « + N' sin a ] V 0p = E Q [V P E~^ cos a. + V' p E'~i sin a] 
where V p , V p , E, and E' are given in the foregoing formulas. # 

5b-6. Static-current-flow Formulas. Linear-circuit Formulas. See steady-state 
alternating-current formulas. 

Currents in Extended Media (Three Dimensions). The following formulas assume 
the medium to be uniform, homogeneous, and isotropic and to have a resistivity p 
which obeys Ohm's law. 

The resistance between a single perfectly conducting electrode immersed in an 
infinite medium and the concentric infinite sphere is related to the capacitance of the 
same electrode by the formula 

R - p €v c~i 

where the capacitance C for a sphere, prolate or oblate spheroid, ellipsoid, circular 
disk, elliptic disk, two spheres in contact, two spheres connected by a wire, two spheres 
intersecting at an angle ir/m, a spherical bowl, torus, cube, and circular plane annulus 
are given in the electrostatic section. The resistance between widely separated 
source and sink electrodes immersed in an infinite medium is 

#12 « Ri + R 2 - P (2irr)- 1 

where Ri and R 2 are the resistances to infinity of each alone and r, the distance 
between them, is large compared with their dimensions. The resistance to infinity 
of a single electrode, sunk into the plane surface of a semi-infinite medium such as the 
earth in such a way that the submerged part, if combined with its mirror image in the 
surface, would form one of the above electrodes is 

R = 2 P 6 V C- 1 

When both source and sink electrodes are half submerged in the plane face just 
described, the resistance between them is 

R = #12 « 2[#! + R 2 - p(2 7 rr)- 1 ] 

where #12, Ri, and R 2 have the same significance as before and r, the distance between 
them, is much larger than the electrode dimensions. In the preceding case, if the 
medium has a resistivity pi to a depth a and p 2 below this depth, then the resistance 
between electrodes is 

s . 2 { s , +s ,. £+f |[< i ^__t ? _]( 

n = l 

where /3 = (pi — p 2 ) (pi + P2)"" 1 and both a and r are large compared with the electrode 

dimensions. 

Two perfectly conducting disk electrodes of radii a and b are applied to the plane 

horizontal face of a semi-infinite homogeneous medium whose horizontal and vertical 

resistivities are pi and p 2 . If the electrode spacing r is much greater than a and b, the 

resistance between them is 

R « (piP2) i [(4a)~ 1 + (46)-i - (xr)" 1 ] 

Two conical perfectly conducting electrodes of half angle with an angle a. between 
their axes pass normally through a spherical shell of thickness b and resistivity p. 
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The resistance between them is Vigorously 

R = p(ir6) _1 cosh -1 (esc £ sin ^a) 

A cylindrical column of length I and radius a of material of resistivity p connects 
normally the plane faces of two semi-infinite masses of the same resistivity. The 
resistance R between the infinite hemispherical perfectly conducting electrodes 
bounding the masses lies within the limits 

m* + 2a < 2[ira - Hn (1 + WO! 

This formula is most accurate for small values of I /a and is exact at I = 0. For large 

values of I 

E « P a- 1 (0.31831Za- 1 + 0.522) 

Perfectly conducting disk electrodes of radius b are applied concentrically to the ends 
of a solid right circular cylinder of radius a, length c, and resistivity p. The resistance 

between them is 

R « 2p(7ra 2 )- 1 [c + /(&)] 

where /(0.25a) - 2.05164a, /(0.50a) = 0.5336a, and /(0.75a) - 0.1060a. The errors 
are less than 0.05 per cent if c is greater than 4a. 

Currents in Extended Media (Two Dimensions). The resistance between perfectly 
conducting plane electrodes covering the ends and orthogonal to the sides of a bar of 
rectangular section, resistivity p, and thickness b bent in a circular arc with inner 
radius a and outer radius c, which subtends an angle a at the center, is 

R - P a*-i[ln (a-^)]- 1 

The resistance between two small cylindrical electrodes of radius r passing normally 
through a strip of width a, thickness 6, and resistivity P at a distance 2c apart on a line 
midway between its edges is, if r « a and r <£c, 

n p , a sinh 2ira~ 1 c 

R « -^ In — 

irb wr 

The resistance between the electrodes in the above strip when they are equidistant 
from its center on a line normal to its edges is 

^ p , 2a tan ira~ l c 
R « -^ln- 

xD irr 

In the following six configurations the bars of resistivity p have rectangular cross 
sections and are of uniform thickness b. Perfectly conducting electrodes cover the 
ends which are at right angles to the sides. For 1 per cent accuracy the interval 
between each end and the beginning of the boundary perturbation should exceed 
about twice the width of the intervening straight bar. 

A bar of width a has an infinitely narrow cut of depth c normal to one side. The 
additional resistance due to the cut is 

AR = — 4p(xb) -1 ln cos ^7ra _1 c 

One side of a bar is straight and the other has a rectangular step in it. The width on 
one side of the step is a and on the other c where a > c. The additional resistance 
due to the distortion of the flow near the step over the sum of the resistances of the two 
straight portions alone is 

Ttb\ ac a-c 4ac / 
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In the preceding case the corner of the step is cut off at 45 deg so that the width 
increases linearly from c to a. The additional resistance due to the tapered section 
over that of the two straight portions alone is 

A D 2 P /a 2 + c\ , , c . a 2 - c\ _, c . , a 4 - c 4 \ 

AR = ~ ( — tanh -1 - + tan l - + In . g 1 

irb\ac a ac a 8a 2 c 2 / 

A straight rectangular bar has a right-angle bend, the width on one side of the bend 
being a and on the other c. The increase of resistance over the sum of the resistances 
of the two straight portions alone, the corner rectangle common to both being excluded, 
is 

A _ 2p . /a 2 -f c 2 . a , . c . c , _. a\ 

AR = -£ In I — h - tan l - + - tan 1 - I 

xo \ 4ac c a a c/ 

A straight rectangular bar of width a has a hole drilled through it equidistant from its 
edges. The increase in resistance due to the hole is less than 

AR « — 2pc(ab6)- 1 In cos 6 

where is a parameter chosen so that sin =* tanh [irc0(a0 — icc)~ 1 ]. 
These formulas are practically exact for small holes far from the ends. When the 
diameter of the hole is half the strip width R is about 0.1 per cent too large. For 
small values of c/a the parameter is given by 



2W 7T 2 C 2 7T 4 C 4 V 

a \ 3a 2 + 3a 4 / 



The value of AR given above is unchanged if the hole is replaced by two semicircular 
notches of the same radius in opposite edges of the strip. 

Perfectly conducting electrodes are applied to a block of thickness b, width a, 
length c, and resistivity p in such a way as to cover the full thickness over a band of 
width w at the center of opposite ends. The resistance between the electrodes lies 
between the limits 

2p cosh -i7ra -1 c ^ 2 . .■ sinh ixa - ^ 

— cosh" 1 — — r^ > R > — sinh- 1 — — ^ — — 

irb sin -%Tra~ l W irb sin -g^ra Y w 

5b-7. Static-magnetic-field Formulas. Magnetic Field of Various Circuit Con- 
figurations. The magnetic induction due to a current density i flowing in a volume v is 

B=fTX (^ 
4x Jv r 

The magnetic induction of a thin linear circuit with total current 7 is 

' sin ds 



B 



-w- 



where is the angle between ds and r and B is normal to the plane of ds and r. 
The magnetic induction due to a long straight cylinder carrying current parallel to its 
axis, when both current density and permeability are independent of the azimuth 
angle 0, is Be = n a l a (2ira)~ l where a is distance of field point from axis, I a is current 
inside radius a, and /* is the permeability at the field point. 

The edges of a flat strip lie at x = a and x = —a and it carries a uniformly distributed 
current I in the z direction. The distances of a field point in the positive quadrant 
from the near and far edges are, respectively, n and r 2 and the angle between n and r* 
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is a. The magnetic induction components are 

til r 2 d 1*1 

By — -j — In — B x = — -. — a. 

A conductor of rectangular section of area A is bounded by the planes x = a, x = —a, 
y = b, and y = —b and carries a uniformly distributed current J in the z direction. 
The distances from a field point in the positive quadrant to the corners, starting with 
the nearest and proceeding clockwise about the z axis, are ri, r^ r 3 , and r 4 . The angles 
between successive r's are ai, <*2, «3, and « 4 , and the x and y components of r\ and r 3 
are xi, yi and x s , y 3 . If all the above quantities are taken positive, the magnetic- 
induction components are 

B x = - 5 m/CttA)- 1 ( 2/ 3 «4 - 2/i«i + x% In —J— Zi In ^ ) 

^ \ ?*2 '1/ 

By = r /i/(7rA) _1 ( x 3 tt 2 — Zia 3 + 2/s In — — 2/1 In -^ ) 

The space inside and outside the conductor has the same permeability a*. 
The magnetic induction outside the conductors of a long bifilar line that consists of a 
cylinder whose axis is y = a which carries a uniformly distributed ^-directed current J 
and another cylinder whose axis is 2/= — « that carries the same current in the 
opposite direction is 

By = Irr-Vzfo- 2 - rr 2 ) B z = — Jir-Vfa" 8 *? + o) - n-% - a)] 

where n and r 2 are the distances from positive and negative wire axes, respectively, 

and /i is the permeability of the conductors and surrounding space. 

The magnetic induction of bifilar lines composed of flat strips or rectangular bars can 

be found by taking the vector sum of the inductions already given for each conductor 

alone. 

A long circular conducting cylinder of radius b has a longitudinal hole of radius a whose 

axis is displaced a distance c from the cylinder axis. If a longitudinal current I is 

uniformly distributed over the conducting area, the induction B in the hole is uniform 

and normal to c and its magnitude is 

B = M c/[27r(6 2 - a 2 )]" 1 

A circular loop of wire lies at z = 0, p = a and carries a current clockwise about the 
z axis. The magnetic-induction components are 

B, - A(h - ar^Ii) B p = Aa^zh 

where 1 h *= tt" 1 f * (1 - b cos 0)~* d6, h = tt" 1 J * (1 - b cos 0) 1 cos d0, A = 

| M 7a 2 (a 2 + * 2 - P 2 ) -1 , and 6 - 2a P (a 2 + z 2 - p 2 )" 1 . 

Two coaxial wire loops of radius a at a distance a apart carry currents I in the same 
direction and constitute a Helmholtz coil which gives a nearly uniform field on the axis 
midway between them. For a small distance r around this point the field varies as 
(r/a) 4 . The induction there is 

B = SAi/5-^a- 1 

Accurate values of B may be found by a superposition of the fields calculated sepa- 
rately by the preceding formula for a single loop. 

1 Six-place tables of 7i and It suitable for linear interpolation are given by C. L. Bam- 
berger, J. Appl. Phys. 21, 1108 (1950). 
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The magnetic-induction components at a great distance from a small loop of wire at 
= ^-x, r — a which carries a current I are 

B r = ^nlr~ z a 2 cos 6 Be = \nlr~ z a 2 sin 

A rectangular loop of wire lies at x = ±a, y = ±b and carries a current I clockwise 
about the z axis. The distances of the field point at x, y, z in the positive octant from 
successive corners, starting with the nearest, are n, r 2 , r 3 , and r 4 and the components 
of n and r 3 are x\, y it z and x 3 , t/ 3 , z. The components of the magnetic induction are 

B x = |x-V*{[ri(ri - 2/0]" 1 + [r*(u + 2/3)]" 1 - [n(u + S^)]" 1 - [r 2 (r 2 - Vl )]-i} 
B y = |x"W*{[ri(r, + xs)}- 1 + [n{n - Si)]" 1 - [r 4 {n - Xl )]~ l - [r 2 (r 2 + a;,)]"*} 
B x = x*- l pl {xi[ri(n - yi)]' 1 - xi[r 4 (r 4 + yz)]~ l + x s [r 2 (r 2 - yi)]' 1 - x s [r 3 (r s + 2/s)]" 1 
+ yAnixi - si)]" 1 - 2/i[r 2 (r 2 + a^s)]" 1 + 2/ 3 [r 4 (r 4 - Xi)]" 1 - 2/ 3 [r 3 (r 3 + ^a)]" 1 } 

All lengths are to be taken positive. If the single wire of the preceding formulas is 
replaced by N wires, the fields may be found rigorously by superimposing N solutions 
of the type given, one for each wire, or by integration over the section. In case the 
area of this section is small compared with other coil dimensions, a sufficiently accurate 
result is often given by substitution of NI for / in these formulas and the use of the 
dimensions of the center turn for that of the loop. 

A helix of pitch a is wound on a cylinder of radius a. The angles between the positive 
axis and. vectors drawn from the field point to the ends of the helix wire are 0i and £ 2 . 
The axial component of the induction is then given rigorously by 

B a = tm^ cot a(7ra) -1 (cos /3 2 — cos 0i) 

There is also a component normal to the axis which becomes negligible when a. is small. 
The axial component of the induction on the axis of a solenoid with n turns per unit 
length is, using the notation of the preceding formula, 

B a = ^/xnI(cos /3 2 — cos 0i) 

The .induction approaches uniformity everywhere inside an infinitely long solenoid 
as the pitch decreases and its limiting value is B% = nyJ. 

When any figure, such as a torus, generated by the rotation of a closed curve about a 
coplanar external line, is closely and uniformly wound with N turns of wire so that 
each turn nearly coincides with one position of the generating curve, then, when carry- 
ing a current /, the exterior induction is zero and the interior induction is 

B* = \vNIW-i 

A coil of N circular turns wound closely over the entire surface of an oblate spheroid 
whose major and minor semiaxes are a and b will give a uniform induction B inside, 
provided that the projections of these turns on the b axis are uniformly spaced. The 
total number of ampere-turns needed is 

47T/x lb - a*(a* - b 2 )S cos" 1 (b/a) J 

When b = o, this becomes NI — 6J5/(4x^). 

A coil of N circular turns wound closely over the entire surface of a prolate spheroid 
whose major and minor semiaxes are b and a will give a uniform induction B inside, 
provided that the projections of these turns on the b axis are uniformly spaced. The 
total number of ampere-turns needed is 



NI 



_ J^ [" 6^ 



47r/i lb - a 2 (b 2 - a 2 )-* cosh" 1 (&/< 



a) J 
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Self- and Mutual Inductance for Static Fields. The mutual inductance between two 
circuits is given by the formulas 



M = L12 « ID" 7 6 6 r" 1 dsi • ds 2 - I^IO 7 J Bi • B 2 



dv 



where dsi and ds 2 are elements of circuit 1 and circuit 2 and Bi and B 2 are their 
separate magnetic inductions for unit current. One line integral covers each circuit 
and the volume integral covers the whole field region. 
The self-inductance of a circuit is a special case of the above formula 

L - iw-no 7 I b* dv 



1 



where B is the magnetic induction per unit current and v includes the entire field 

region. 

The energy in the field of n circuits carrying currents Ji, 1 2, . . . , I n is 



n n 

w = * X X Lpqipiq 



p = g = 

Note. In the following material there are many references to Grover. These 
refer to F. W. Grover, "Inductance Calculations," D. Van Nostrand Company, Inc., 
New York, 1946. In this book most inductances are given in microhenrys and lengths 
in centimeters. In the following formulas mks units are used; so the inductances are 
in henrys and the lengths in meters. Unless otherwise stated, the permeability 
throughout is that of a vacuum. 

The self -inductance of a round wire of relative permeability K m and length (ina 
vacuum is 

L » 2Z[ln (2a-" 1 *) - 1 + \K m ] X 10" 7 

The self-inductance qi a rectangular bar of perimeter p is 

L « 2Z[ln (4p-*Z) + i + 0.1ll8l- l p] X lO" 7 

The self -inductance of a bar of elliptical section, semiaxes a and b, is 
L ■■« 2Z{ln [2l(a + b)' 1 ] - 0.05685} X 10" 7 

The self -inductance of a tube of external and internal radii a and b is 

L ~ 21 [ ln a + W^W^b + 4(a 2 - b>) \ X 10 V 

iVo<e. In the following formulas for bifilar lines the inductance per unit length is 
found by setting I = 1. In all cases I is supposed to be much greater than the pair 
spacing. The current densities are taken uniform. The current goes out on one 
element and returns on the other. 

The self-inductance of two parallel cylinders of radii a and b and length I with a 
distance d between axes is 

L - Z{1 + 2 In ■l(ab)- 1 d*]} X 10~ 7 

The self -inductance of two similar parallel wires of radius a and relative permeability 
K m with a distance d between axes is 

L « l[A In (a~H) + K m - 4d] X 10~ 7 
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The self-inductance of two similar parallel rectangular wires of perimeter p with a 
distance d between centers is 

L « [4Un (2p~ 1 d) + 61 + 0A47p - 4d] X 10~ 7 

The self-inductance of two similar parallel tubes, external radius a, internal radius 6, 
with a distance d between centers is 

t i [a i d i 4 & 4 i -a , 3& 2 - a 2 ~| w ,„ , 

The self-inductance of a coaxial line when the external radii of the inside conductor, 
insulation space, and outside conductor are c, 6, and a, respectively, and the relative 
permeabilities K mi K m , and K„ and when the length I is great compared with a is 

If !£„» » K m — K mJ this formula also holds for a noncoaxial line provided the axes are 

parallel. 

The self -inductance of a wire of radius r and relative permeability K m which is bent 

into a circular loop of mean radius a, neglecting small terms in r 4 /a 4 , is 

1 ~K( 1 '+£) to T+S&- a +i*-]xio- 

The self-inductance of a wire of radius r and relative permeability K m which is bent 
into a rectangular loop with sides a and b and diagonal d = (a 2 + 6 2 )i is 1 

^4 al %l^ +6to Km)+ 2d -( 2 -K)(«+^]xiO-' 

The self-inductance of a wire with rectangular section of perimeter p which is bent 
into a rectangular loop with sides a and b and diagonal d f is 

L ~ 4 [ oIn i*r$7r) +bln ^fd) +2d +-2 (a + 6 > +°.223 P ] x 10-' 

The self-inductance of a thin band of radius a and width b is 

L « 47ra[ln (86-^) - J] X 10" 7 

The mutual inductance of two thin coaxial circular loops of radii a and 6, when r t and 
r 2 are the farthest and nearest distances between the loops, is given in terms of com- 
plete elliptic integrals by 2 

M - Zwk-*aM[a - ik 2 )K(k) - E(k)] X 10~ 7 
-.MfWM^i) - JE(fci)] X 10~ 7 

where A; 2 = r'r*(ri* — r 2 2 ) and ki 2 = (ri — r 2 )(r x + r 2 ) _1 . 

The mutual inductance between a long straight wire and a loop of radius a whose 

diameter it intersects at right angles at a distance c from the loop center is 

M = 4x[csec a — (c 2 sec 2 a — a 2 )J] X 10~ 7 c > a 
M = Aire tan (|ir - ?<x) X 10~ 7 c < a 

1 Tables are given by Grover, pp. 59-65. 

2 Grover gives tables on pp. 77-87. 
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where a is the acute angle between the plane of the loop and the plane denned by its 
center and the straight wire. 

The mutual inductance of two parallel coaxial identical rectangular loops whose sides 
are a and b and which are spaced so that the distance from any corner of one loop to 
the most distant corner of the other is d, is 1 

^ = 4 aln &TW +61n lTts +8(i) - A - B+(i) ] X10 " 7 

where A 2 = a 2 + d\ B 2 = b 2 + d 2 and D 2 = a 2 + b 2 + d 2 . 

The mutual inductance between two circular loops of wire whose axes intersect at an 
angle y at a point where the radius a of one loop subtends an angle a and the radius b 
of the other an angle /3 is 

00 

M = Wa y a 7 i Vnt^ ^ 1 (cos «)P„Kcos 0)P n (cos y) X 16-' 
Li n(n + l)o n 

n = l 

where the last terms include two associated Legendre functions and one polynomial. 2 
The mutual inductance of two circular loops with parallel axes can be calculated from 
tables in Grover, pages 177 to 192. 

Note. The self- or mutual inductance of thin coils whose cross section is small com- 
pared with other dimensions is given approximately by insertion of the factor N 2 
or N1N2, respectively, where N is the total number of turns, in the corresponding loop 
formula and the use of the mean coil dimensions for the corresponding loop dimensions. 

A circular ring encircles or is encircled by a coaxial helix, the larger radius being A 
and the smaller a. The distances from the plane of the ring to the farther and nearer 
ends of the helix are bi and o 2 and n is the number of turns per meter on the helix. 
The mutual inductance is 

M - 2irn(A + a){c[krKKi - Ei) ± k<r l {K* - E 2 )] + (A - a)(6rVi ± &2~ty 2 )} 

x 10- 7 

where the subscript 1 or 2 indicates the use of 61 or 6 2 for b in the following formulas: 

k 2 - AAa[(A +a) 2 +b 2 }^ k' - (1 - k 2 ) c 2 ■- 4Aa(A +a)~ 2 k' sin - (1 - c 2 )* 
* = K(k)E{k',fi) - [K(k) - E(k)W(k',P) -h 

The upper sign in the ± is taken when the plane of the ring cuts the helix; otherwise 
the lower sign is used. Complete elliptic integrals of modulus k are indicated by K 
or K(k) and E or E(k) and E(k'fi) and F(fc',0) are incomplete elliptic integrals of 
modulus k' and amplitude /3. 3 

Note. The following current-sheet formulas assume that the current density on the 
shell is uniform and flows around the cylinder normal to the axis in an infinitely thin 
sheet. A correction may be added to take account of the fact that the current is" 
actually concentrated in wires of definite radius and spacing as in Grover, pages 148 to 
150, but is often not needed for close windings. By a process equivalent to integration 
of the preceding formula, an exact formula for the mutual inductance between a 
cylindrical current sheet or helix and a coaxial concentric current sheet can be derived. 4 

1 For tables, see Grover, pp. 66-69. 

2 For tables, see Grover, pp. 193-208. 

3 For tables, see Grover, pp. 114-118. 

* Louis Cohen, Bull. Natl. Bur. Standards 3, 298 (1907). For practical purposes, tables 
given in Grover, pp. 122-141, are better. 
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The self-inductance of a current sheet of radius a, length b, and diagonal d = 
(4a 2 + & 2 )* having a total number of turns N is 1 

L = |^6-W 2 [d(4a 2 - b*)E(k) - bHKQc) - 8a»] X 10" 7 
where k = 2d~ 1 a. 

A current sheet is wound on the surface of the toroid formed by the rotation in the <p 
direction of a plane area S about an external line. If there are N turns and if the 
current density is independent of *> and has no <p component, then the self-inductance is 

L « 2K m N* J r" 1 dS X 10~ 7 

where K m is the relative permeability inside the current sheet and r is the distance 
of the area element dS from the rotational axis. The self-inductance in the above 
case, if 3 is a circle of radius a whose center is at a distance b from the rotational axis, is 

L = ±TcK m N*[b - (6 2 - a 2 )*] X 10~ 7 

The self-inductance, if S is a rectangular section with sides parallel to the axis of length 
a and sides normal to it of length b and with the inside surface a distance R from the 
axis, is 

L - 2N 2 aK m In (1.+ R~%) X 10~ 7 

The self-inductance of a circular coil of N turns and circular section is 

L « 4rriV 2 a[(l + ir 2 a~*) In (8r-*a) + r 2 (24a 2 )-i - 1.75] X 10~ 7 

where r is the radius of the section, a the radius of the axis of the section, and (r/a) n 
is neglected when n > 2. The self-inductance of the above coil if it has a square 
section of side c is, if c <£ a, 

L « toiVMill + c 2 (24a 2 )-i] In (S2c~W) - 0.84834 + 0.051a- 2 c 2 } X 10~ 7 

The self-inductance of coils of rectangular section can be calculated from tables given 
in Grover, pages 94 to 113. 

The mutual inductance of coils of rectangular section and parallel axes can be cal- 
culated from tables given in Grover, pages 225 to 235. The mutual inductance of 
coils of rectangular section with inclined axes can be found from tables given by 
Grover on pages 209 to 214. 

The increase in self-inductance of a circuit due to the placement of a sphere of radius 
a and relative permeability K m in a position near it where the induction B per unit 
current is nearly uniform is 

AL « a*B*(K m - l)(K m + 2)"i X 10* 

The increase of self-induetance of a loop of radius a due to the insertion concentrically 
of a sphere of radius b and infinite permeability is 

AL = &ira-*b*K(a- 2 b 2 ) X lO" 7 

The mutual inductance between two coaxial loops of radii a and b when the distance 
between centers is c and there is an infinite slab of thickness t and relative permeability 
K m between and parallel to them, is 

oo 

M - &r(aW*(l - 2 ) ^ /b n -i/3 2 »[(l - k n *)K(k n ) - E(k n )] 



n=0 



k n * - 4ab[(a + 6) 2 + (c + 2nt)*]-i p = (K m - \)(K m + 2)"* 

i For most purposes the tables given in Grover, pp. 142-162, are more practical than the 
formula. 
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Magnetic Forces on Circuits. The component of force in newtons tending to dis- 
place one of a pair of circuits in the x direction, the other being fixed, is 

F - TT dM 
Fx - Ill2 ~dx- 

where 7i and 7 2 are the currents and M is the mutual inductance. The torque in 
newton meters tending to rotate one of a pair of circuits through an angle a, the other 
being fixed, is 

T - TT dM 

la — 111 2 -r — 

da 

Thus any desired forces or torques may be computed from the mutual-inductance 
formulas of the last few pages by differentiation, provided that it is possible to express 
M explicitly in terms of x or a. When this is not possible the difference in the mutual- 
inductance values calculated for the position £ or a and the position x + dx or a -f- da 
using the Grover tables may be multiplied by 7 X 7 2 and divided by dx or da. In many 
cases the tabular intervals are small enough so this will give adequate accuracy; in 
other cases careful interpolation will be needed. Notice that in Grover's tables 
distances are in centimeters. 

The force per unit length between two long parallel circular cylinders or tubes 
carrying uniformly distributed currents I\ and 7 2 is 

F 1 = 27 1 7 2 cr 1 X 10- 7 

The force is attractive when 7i and 7 2 have the same direction; otherwise it is repulsive. 

The force per unit length between two parallel strips 1 of width a symmetrically 

placed with their faces a uniform distance b apart and carrying currents l\ and 7 2 is 

4/iJ 2 a- 1 [tan- 1 (b^a) - ^ar^b In (1 + b~W)] X 10" 7 

The force is attractive when 7i and 7 2 have the same direction; otherwise it is repulsive. 
The force between two coaxial loops of radii a and b with centers at a distance c 
apart that carry currents I\ and 7 2 is 

F - : 7iJ^rcA?[a*6*(l - A: 2 )]" 1 [(2 - k*)E(k) - 2(1 - h*)K(k)] : 'X 10" 7 

where fc 2 = 4a6[(a + 6) 2 + c 2 ] -1 . The force is attractive when h and 1 2 encircle the 
axis in the same direction. 

The axial force between a circular loop of radius a and a coaxial helix of radius b 
(a may be greater or less than b) and n turns per meter is 

F = hhniM - M') X 10- 7 

The loop center may lie inside or outside the helix. Here M and M' are the mutual 
inductances between a loop of radius a and coaxial loops of radius b whose planes pass 
through the extreme near end and extreme far end of the helix, respectively. The 
force is toward the center of the helix if the currents circle the axis in the same direction. 

The force between a helix and a coaxial circular coil of mean radius a, square section 
of side c, and N turns is given approximately by the foregoing formula if NIi is used 
for 7i and a[l + c 2 (24a 2 ) -1 ] for a. The force between two coaxial single-layer coils 
may be calculated by a formula in Grover on page 258 and a table on page 115. 

The torque on a circular coil of rectangular section with internal and external radii 
a and b and any length which carries a current 7, has N turns, and whose axis makes 

x The force between two parallel rectangular bus bars is given by B. -Hague, "Electro- 
magnetic Problems in Electrical Engineering," p. 338, Oxford University Press, New York, 
1929. 



FORMULAS 5-33 

an angle « with a uniform field of induction B is 

T =^irBNI(a* + ab-+ 6 2 ) sin « 

The torque on the above coil if it has a circular section of radius b whose center is at a 
distance a from the axis is 

T - %wBNI(4a* - b 2 ) sin a 

The torque on one of two concentric circular loops of wire of radii a and b which carry 
currents I\ and 7 2 is 

where a is the angle between their axes and P 2 n+i 1 (cos a) is a Legendre function. It 
is directed so as to set one current parallel to the other. 

The force on any circuit near the plane face of a semi-infinite block of material having 
a uniform relative permeability K m which is independent of field strength equals the 
force between the circuit carrying a current I and its mirror-image circuit in the plane 
face carrying a current /'. - (K m - l)(K m -f l)" 1 /. The direction of /', if K m is 
greater than one, is such that the projections of I and /' on the interface coincide in 
position and direction. It is evident that if K m » 1 then I « /' and the exact value 
of K m need not be known. 

The force per unit length on an infinite wire carrying a current I parallel to the walls 
of an infinite evacuated rectangular conduit of infinite permeability is 

00. 

F x » 47T&- 1 / 2 X 10~ 7 y csch (mrab- 1 ) sinh [rmrb-^c - a)] cos 2 (rrnrdb- 1 ) 

where the walls of the conduit are at x = 0, x = a and y = 0, y = 6. The wire lies 
at x = c, y = d. To get F Vi interchange a with b and c with d. The series converges 
very rapidly unless the wire is near the wall. The force per unit length toward the 
nearest wall on an infinite wire parallel to and at a distance c from the axis of an evacu- 
ated cylindrical hole of radius a in a block of material of relative permeability K m is 

Ri .- 2(<* 2 ..- c 2 )-i c / 2 (j: m - \){K m + l)" 1 X 10-r 

Permeable Bodies in Magnetic Fields. The energy of an unmagnetized body of 
volume v when placed in a field of induction B produced by fixed sources in a region of 
constant permeability /x is 

w - !• J (m" 1 - nC l )B • B» dv 

where B» and m are the final values of the magnetic induction and permeability in the 
volume element dv inside the body and the integration is over the volume of the body. 
The torque tending to decrease the angle a between B and the major axis of an 
oblate permeable spheroid of relative permeability K m with semiaxes a and 6, where 
b > a, placed in a uniform field of induction B produced by fixed sources in a vacuum is 

T _ (K m - l) 2 6*a£ 2 (3P - 2) sin 2a 

mK m - l)*i>* + (J&. - 1)(2 - K m )P - 2K m ] X 10 

where P - A[(l + A*) cot" 1 A - A] and A ■- o(6 2 - a 4 )"*. 

The torque tending to decrease the angle a between B and the major axis of a prolate 
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permeable spheroid of relative permeability K m with semiaxis a and b where b < a 
placed in a uniform field of induction B produced by fixed sources in a vacuum is 

_ _ (K m - l) 2 6 2 a£ 2 (2 - 3Q) sin 2« 1Q7 

1 " Q[(K m - 1) 2 Q 2 + (K m - 1)(2 - K m )Q - 2K m ) * 

where Q = c[(l - c 2 ) coth" 1 c + c] and c = a(a 2 - & 2 )~*. 

The attractive force between a long cylinder carrying a uniformly distributed cur- 
rent J and an external sphere of relative permeability K m and radius a whose center 
is at a distance b from the cylinder axis is 

F - 4/ 2 X 10- f (2n-2)!!n(i^-l) /a\*« 
F - 4/ X 10 £ (2» - l)!!(nX ro + n + 1) W 

n = l 

If the permeability is very large in the above case, the force is 

F - 4/ 2 a 2 6- 1 (& 2 - a 2 )-* sin" 1 (b^a) X 10 7 

Magnetic Shielding. Two long wires of a bifilar lead at p « c, *> = and p = c, 
v> = 7T carry currents J and - J and are shielded by a cylinder of relative permeability 
K m of internal and external radius a and b. The components of the induction outside 
the shield are 

y fr4n+2 c 2n+l p -2n-2 sm (2ft -f- 1)0 

B P 16/ X 10 7 £ (K m + l) 2 & 4 » +2 ~- (Km - l) 2 a 4 » +2 

Y 54n+2 c 2n+l p -2«-2 cos (2n + 1)6 

B * = 16/ X 10 7 2/ (Km + 1) 2 6 4 « +2 - (Km - l) 2 a 4 » +2 

A long cylindrical shield of internal and external radius a and fc and relative perme- 
ability K m is placed across a uniform field of induction B. The induction B» inside 
is uniform and of magnitude 

4K m b*B 



Bi =» 



4K m 6 2 + (Km - 1) 2 (6 2 - a 2 ) 



A spherical shield of internal and external radius a and b and relative permeability K m 
is placed in a uniform field of induction B. The induction B* inside is uniform and its 
magnitude is 

R 9K m b*B 

Bi ~ 9Kmb* + 2(K m - 1) 2 (6 3 - a 3 ) 

The Magnetic Circuit. The reluctance (R of a magnetic circuit is well defined only 
when all the magnetic flux $ links all N turns of the magnetizing coils which when 
carrying a current 1 generate the magnetomotance $. Then 

The reluctance of a toroid of such high and uniform relative permeability K m that there 
is no flux leakage can be calculated regardless of the position of the magnetizing coil 
from the current-sheet self-inductance formulas for N turns already given for toroids 

of various sections. Thus 

(R = WL- 1 

The change in reluctance of a closed magnetic plane circuit of thickness b f rectangular 
section and uniform relative permeability K m so high that leakage is negligible due to 
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the presence of corners, steps, tapered sections, and circular holes can be calculated 
from the formulas already given for resistance change AR for two-dimensional current 
flow in media of resistivity p. Thus 

A(R = 4tt X lWK m p- 1 AR 

If a gap of uniform width a is cut out of a magnetic circuit of high relative permeability 
K m , normal to the induction B, and if a is small compared with all dimensions of the 
section of area A cut, then the increase in reluctance is 

A(R « ±TcaA-KK m - 1) X 10" 7 

where the surrounding space is empty and the fringing field at the edge of the gap is 
neglected. 

The fringing field may be calculated when the region of negative x is filled with an 
infinitely permeable medium except for a gap bounded by y =* £a and y = — \a 
which extends to x — — » . A magnetomotance is applied across the gap so that far 
from the edge the induction is B . The induction B y anywhere on the x axis is then 
given implicitly by 

x = ir-iaiBoBy- 1 - tanh" 1 (ByBo' 1 )] 

where < B y < B . 

If the magnetomotance across a gap with faces at z = -J& and z = — -g-fe in an 
infinitely permeable cylinder bounded by p — a is JFo, then the magnetomotance in 
the gap, when p < a is 



~*k- + X 



h(^mrp/b) . nirz 

C n — i sin 

h($n*a/b) 26 _ 



= 1 
where Ci = —0.17232 and when n > 1. ' 

n L 0.8225 • 1.8225 • • • (n — 0.1775) J 

The induction is B = — 4rr X 10~ 7 V9 : . This formula assumes that the field across the 
edge of the gap is two-dimensional. If this is the only gap in an infinitely permeable 
circuit, then JFo = NI where N is the number of turns of the magnet coil and / is its 
current. 1 

Permanent Magnets. In the following formulas it is assumed that the magnetization 
M of a permanent magnet is absolutely rigid and that any magnetization induced in it 
by external fields is negligible compared with M. The energy of such a magnet when 
placed in an external field of induction B in a vacuum is W = — JM • B dv } where the 
integration is over the volume of the magnet and the "loop" definition of M is used 
rather than the "pole" definition. The forces and torques acting on the magnet are 

p _dW dW 

The moment of a magnet is m = JM dv where the integration is over the magnet 
volume. 

The mutual (apparently potential) energy of two thin needles magnetized length- 
wise at a distance a apart large compared with their length and, having loop moments 
of magnitude mi and ra 2 , when immersed in a medium of relative permeability K m , is 

W ■= mim 2 K m - 1 r- z (sm t sin 2 cos ^ — 2 cos 6 X cos 2 ) X 10" 7 
1 TfcbleS of \C n are given by W. R. Smythe, Revs. Modern Phys. 20, 176 (1948). 
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where 0i and 2 are the angles between mi and m 2 , respectively, and r. The angle 
between the planes that contain mi and ni2 and intersect in r is \f/. The repulsive force 
between two needles is —dW/dr and if a. is the azimuth angle about any line the torque 
on either magnet about that line is — dW/da, the other magnet being fixed. In a 
vacuum where K m is unity this formula applies to magnets of moments mi and m 2 
of <my shape provided their dimensions are small compared with r. In other media 
the mutual energy depends on the shape. 

Uniformly magnetized bodies may be replaced by their equivalent current sheets 
for the purpose of calculating fields and mutual torques in a vacuum. The current 
sheet coincides with the surface of the body and the current density encircles the body 
in a path normal to the direction x of magnetization and is uniform in terms of x and 
numerically equal to M. Thus the fields of thin disks magnetized normal to their 
faces and the torques and forces between them are identical with those between 
circular loops already given, if 7i and J 2 are replaced by M\ and M 2 . Similarly, 
in a vacuum the fields and forces involving uniformly magnetized bars may be calcu- 
lated from the formulas already given for solenoids provided nl, where n is the number 
of turns per meter, is replaced by M. The mutual-inductance tables given by Grover 
and already referred to may be used. 

A right circular cylinder of length b and radius a uniformly magnetized lengthwise 
with an intensity M, when placed with its flat end against an infinitely permeable flat 
surface, adheres with a force 

F - tordbM*\k-i[KW) - E(k)] - fcr^Cfci) - Efa)]} X 10"' 

where the moduli of the complete elliptic integrals are k = 2a (4a 2 + 6 2 )~i and 
ki = a(o 2 + 6 2 )~*. If M is very large, this gives, approximately 

F « 2irWM* X 10~ 7 

The same force is experienced by two identical cylindrical magnets placed N to S. 
The same force, but repulsive, appears if they are placed N to N or S to S. 
A long straight bar of uniform cross-sectional area S has a uniform lengthwise mag- 
netization M. The flat end, when placed in contact with an infinitely permeable 
flat block, adheres with a force 

F «2x/SM 2 X 10-V 

The above bar bent in the shape of a horseshoe with coplanar ends will, if the mag- 
netization remains uniform, adhere with twice this force. 

The torque on a sphere with uniform magnetization M immersed in a medium of 
relative permeability K m in a field of induction B such that the angle between B and 
M is a is 

-, __ 4nra z MB sin a 
2K m + l 

The torque on any body of volume v with a uniform magnetization M when placed 
in a uniform field of induction B in a vacuum so that the angle between B and M is ot is 

T - BMv sin ot 

DYNAMIC-FIELD EQUATIONS 

5b-8. Field Equations 

Equations of Continuity between Currents and Charges 

Integral Formulations, volume distributions: Consider a region V, bounded by 
a surface S t in which the net positive charge at time t is Q(l); /($). is the net current 
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flowing out from the region across the boundary S; then 

/<*) - - § (5b-l) 

Let J(a;,2/,z,0 designate the current-density vector, p(x,z/,z,0 the charge density, and 
n the unit vector at a point on S directed outward from the region V. The equation 
of continuity in terms of the density functions is 

<$>J'* dS =-i t JJf v P d » (5b-2) 

surface distributions: In the discussion of time-varying fields it is useful to con- 
sider limiting cases of volume distributions confined to thin layers as surface distribu- 
tions. Let A be an area of a surface S on which there is a surface current density J' 
and surface charge density p t . Let r be the curve on S bounding the area A. Equa- 
tion (5b-l) applies with the interpretation that 1(f) is the net current flowing out from 
A across the boundary T and Qif) is the charge on the area A. In terms of the source 
functions 

6 y • ni dl = - j t ff Pa dS (5b-3) 

where ni is the unit vector in the tangent plane at a point on r, normal to r and 
directed outward from the area A. 

magnetic sources: While magnetic charges and currents do not exist per se, certain 
time-varying field phenomena can be interpreted most conveniently formally in terms 
of equivalent magnetic distributions. The source functions will be designated by 
J m , p m for volume distributions, and ] m) p 8m for surface distributions. The source 
functions are related by equations of continuity of the same forms as Eqs. (5b-2) and 
(5b-3). 

Differential Formulations, volume distributions: 

V.J + |f = (5b-4) 

V • J m "+ ^ = (5b-5) 

surface distributions: Suppose the equations of the surface S to be given in 
terms of generalized coordinates u h u 2 by 

x « x(ui,u 2 ) y = y(ui,u 2 ) z(ui,u 2 ) 

Let ai and bl 2 be unit vectors in the tangent plane to the surface such that ai is in the 
direction of increasing Ui (tangent to the curve u 2 = constant) and a. 2 is in the direction 
of increasing u 2 (tangent to the curve u\ = constant), and let the corresponding com- 
ponents of the current be j[ and J' 2 , i.e., 

y = f&i + j' 2 3L2 

Further let E, F, G be the differential parameters of the surface defined by 



-(£)' + (ft)' + (£)' 

F = ^L^L a. d]LJtlL _i_ dz dz 
dU\ du 2 dU\ du 2 dUi dUi 

g = (^X 4- (*!lY 4- (J!l\ 

\du 2 J \du 2 ) "^ \du 2 ) 
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The differential form of the surface equation of continuity is 

£[£('.Vl)+s;('.>/5)]+fe" 

with g - EG - FK 

equations in terms of the velocity FIELD: In dealing with problems of electron 
beams or more generally with charged particles, the currents are defined by the charge 
densities and the velocities of flow. Let v(x,y,z,t) be the velocity of the charge at 
instant t at the point £,2/,z; then 

J = pv J m = PmV 

The equations of continuity take the form 

pV . v+v . Vp+ ! = p v.v + g=0 

PmV • V + V • V Pm + ^ = Pm V . V + ^ = 

The derivative D/Dt is known as the flow derivative. These equations are hydro- 
dynamical expressions of the continuity between charge and current. 

Field Vectors and Constitutive Parameters 

The electromagnetic field is comprised of two electric vectors E and D and two 
magnetic vectors B and H. The relationship between the members of the respective 
pairs of field vectors in a given medium may be characterized by the constitutive 
parameters of the medium, e, the capacitivity, and m, the permeability. The inter- 
pretation of these quantities for a time-varying field will be made more precise 
subsequently. 

Isotropic Media. The constitutive parameters are scalar quantities: 

D = eE (5b-7) 

B = pH (5b-8) 

Anisotropic Media. The vectors D and E and respectively the vectors B and H 
are not collinear but are linear vector functions of one another. The constitutive 
parameters e and m constitute tensors of second rank. Let D it etc., represent the com- 
ponents of the vectors and [ ] a column matrix of the components; e»-/, im represent 
the components of the constitutive tensors and ( ) the square matrix of these com- 
ponents. The constitutive relations for an anisotropic medium have the form 



[D] = (e)[E] (5b-9) 

[B] = Gu)[H] (5b-10) 



or, in component form, 



y-i 

3 
Bi = ^ tHjHi (5b-12) 



3 



= 1 



Both symmetric and antisymmetric forms of the constitutive tensors may be en- 
countered. 



FORMULAS 5-39 

Conductivity Parameters. A conducting medium is characterized by a linear relation 
between the current density and the electric vector E, 

J = *E (5b-13) 

In an isotropic medium <r, the conductivity is a scalar; in an anisotropic medium a is 
a tensor of second rank and Eq. (5b-13) is to be read as a matrix equation of the same 
form as Eqs. (5b-ll) and (5b-12). 

Time-periodic Fields. Time-periodic phenomena in which all the field vectors and 
source functions are periodic functions of time are dealt with most conveniently by 
using the complex time representation e^\ where o> is the angular frequency = 2ttj/, 
v being the frequency in cycles per second. Each quantity can be expressed in the 
form 

F = SFe'*' (5b-14) 

where $, the complex amplitude, is a function of position only. The amplitude is a 
complex number 

ff = S r + j$i (5b-15) 

and Eq. (5b-14) has the meaning that the instantaneous value of the quantity F at a 
time t at the point (x,y,z) in space is 

Re $ei ut = 9> cos wt - tf f sin wt (5b-16) 

The complex representation is applicable to each component of a time-periodic vector 
quantity. A time-periodic vector F can accordingly be represented by 

F = 3V«« (5b-17) 

where the amplitude $ is a complex vector function of position, 

ff = 3v + j&i (5b-18) 

The constitutive relationships (5b-9) and (5b-10) are strictly definable only for 
time-periodic phenomena; the relationships become relationships between the respec- 
tive complex amplitudes 

[S>] - (e)[S] (5b-19) 

[<B] = GO [36] (5b-20) 

with the matrix components e*, and ju*,- being complex numbers that are functions of 
the frequency w. The frequency dependence of the constitutive parameters is known 
as the dispersive property of the medium. The conductivity parameter a is in general 
also frequency-dependent. 

The relations (5b-7) and (5b-8) are applicable to other than time-periodic time- 
varying fields only when over the significant part of the frequency spectrum covered 
by the Fourier components of the time dependence the constitutive parameters e and 
M are sensibly independent of frequency. 

Polarization Vectors. The role of a material medium in an electromagnetic field is 
expressed by distributions of electric and magnetic dipoles. The medium can be 
characterized by two polarization density functions P, electric dipole moment per unit 
volume, and M, magnetic dipole moment per unit volume. The polarization may be 
induced under action of the field from other sources, or it may be virtually permanent 
and independent of external fields. The permanent polarizations will be designated 
by P and M . The relationships between the field vectors and the polarization 
vectors are 

D = e„E + P + P (5b-21) 

B = ^(H + M + Mo) (5b-22) 

where e v and fi v are the constitutive parameters of free space. 
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Maxwell's Equations 

The basic equations relating the field vectors to physically realizable sources are as 

follows: 

Integral Forms. Let V be a closed curve spanned by an arbitrary surface S, both 
stationary in the observer's frame of reference; let n be a unit vector normal to S 

$ T *-*-- -*{!,*-# (5b - 23) 

^r H - <fl =//s[ J+ f]- n<iS (6b " 24) 

Associated with these relations are "Gauss's laws" relating the net outward flux of 
D and B through a closed surface to the charges contained within: 

T>-ndS = Q = Jjj P dv (5b-25) 

B - n dS = (6b-26) 

Differential Forms 

VXE=-g (5b-27) 

VXH-J+^ (5b-28) 

VD = P (5b-29) 

V-B = (5b-30) 

Equations (5b-26) and (5b-30) express the nonexistence of free magnetic charges. 

Inclusion of Magnetic Sources. The field equations corresponding to both electric 
and magnetic sources would have the more general forms 

$*<*■- -// 5 [j*+^]"*^ (5b - 31) 

^H.dl-// fl [j+f]'-n« (5b-32) 

($)D-ndS = Q=fff v pdv (5b-33) 

; $B-ndS -Q m - fff v Pmd» (5b-34) 

These are useful in the treatment of problems in which magnetic sources enter as 
formalisms into the analysis. The corresponding differential forms are 

VxE= -U-f t (5b-35) 

TXH-J+f ( 5b " 36 > 

V • D = P (5b-37) 

V-B = p m (5b-38) 

Representation of Media as Equivalent Distributions. The equations can be reduced 
to equivalent systems involving appropriate current and charge distributions in a 
medium having constitutive parameters e v , p. v . Thus, 

TXE=- M „f -(j-+*£) (5b-39) 

▼XH-J + f+^ (5b-40) 
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Time-varying polarizations are thus equivalent to current distributions, 



Further, 



dM 
^~Bt^^ 

dt J 

V-E = P ~J' P (5b -41) 

V-H = -V-M (5b-42) 

so that the equivalent charge distributions are 

Pp=-V'P 

Pm = —V * M 

Time-periodic Fields. All quantities have time dependence e' at . The time factor 
can be suppressed and the equations become relations between complex amplitudes. 
For the differential forms: 

VXE= - J m - joB (5b-43) 

V XH = J+ ja>D (5b-44) 

v ' D = P (5b-45) 

V-B = Pm (5b-46) 

Force Law 

The force law, which from an experimental point of view is basically the defining 
expression for E and B, is 

F = J7J [ P E + (J X B)H7 (5b-47) 

where F is the resultant force acting on the charge and current distribution within a 
region V. The force density is 

f = P E + (J XB) ( 5b -48) 

f = P E + pv X B (5b-49) 

Boundary Conditions 

Boundaries between Media. Let 8 be a surface separating two media having con- 
stitutive parameters ei, m, <n, and € 2 , M2, <r 2 , respectively; let n be the unit vector nor- 
mal to 8 directed from medium 1 into medium 2. The conditions at the boundary 
are: 

1. Tangential components of the electric vector E are continuous, 

n X (E 2 - E x ) =0 (5b _ 50) 

2. Discontinuity in the normal component of the vector D equals the surface charge 
density of the boundary, 

n-(D 2 - DO = P8 (5b-51) 

3. Tangential components of the vector H are continuous, 

n X (H 2 - HO =0 (5b-52) 

provided that neither <n nor <r 2 is infinite. 

4. Normal component of the vector B is continuous, 

n • (B 2 - BO =0 (5b-53) 

When the conductivity of one of the media is infinite, the fields inside that medium 



or 
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vanish and there is correspondingly a discontinuity in the tangential component of the 
magnetic field associated with a surface sheet; if <n = <», 

nXH=J' 

where H is the total magnetic field in region 2. 

The boundary conditions (5b-50) and (5b-53) are applicable to total fields. In 
diffraction theory it is convenient to work with partial fields for which there may be 
discontinuities across surfaces in the region under consideration. These can be asso- 
ciated with equivalent magnetic sources and the appropriate relations are 

n X (E 2 - Ei) = J' m 
n • (B 2 - Bi) = Psm 

Boundary Conditions at Infinity. The field associated with a finite distribution of 
sources must satisfy conditions at infinity which pertain to the energy radiated by the 
sources. For a time-periodic field in a homogeneous medium the conditions at 
infinity take the form 

lim 22 [h -(j)*(a*XE)] =0 

lim RE is finite 
R— ><*> 

where R is the radial distance from an arbitrary origin in the neighborhood of the 
sources and slr is a unit vector directed from the origin in the radial direction. 

The Wave Equations for the Field Vectors 

The field vectors satisfy second-order differential equations which characterize 
wave phenomena. The equations for homogeneous isotropic media are as follows: 

/) 2 E dT 

TXVXK + ^- sr --, 5r -TXJ. (5b54) 

TXTXH+^f-^+TXJ 

When the vectors are expressed componentwise in a rectangular-coordinate system, 
the equations can be put in the form 

v , E _^=lTp+Mg+VXJ„ (5b-55) 

^-,f=>.+4*- vxj (5b ' 56) 

where V 2 is the conventional Laplacian operator. 
Poynting Vector and Poynting's Theorem 

The Poynting vector 

n = E X H (5b-57) 

serves to describe the flow of energy associated with an electromagnetic field. The 
energy flowing out per second from a volume V bounded by a surface S is 

P = Jn • n dS (5b-58) 

where n is the unit vector normal to dS directed outward from the region V. 

When dealing with time-periodic fields it is useful to introduce the complex Poynting 

vector 

g = EXH* (5b-59) 
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where the complex representation of the time-periodic quantities is implied and the 
asterisk denotes the complex conjugate. The real part of the complex Poynting 
vector then represents the average value of the power flow over a cycle of the time 
variation; precisely 

(n) = ^ Re n - | Re E X H* (5b-60) 

The Poynting theorem is the equation of continuity for the energy associated with 
the field. 

Differential Form 

V • n + E • J = - j t ( We + w m ) (5b-61) 

where w e = |E • D (5b-62) 

w m = £B • H (5b-63) 

are the electric and magnetic energy per unit volume, respectively. The theorem is 
written here for the total field and the magnetic-source formalisms accordingly are not 
included. 

Integral Form. Given a volume V bounded by a surface 8, 



J n • n dS + j (E • J) dv = - j t J (we + w m ) dv 



(5b-64) 



The time-average energy relationships in case of a time-periodic field in an isotropic 
medium are given by the complex Poynting theorem : 

*t if i j_ ^' E * E ' E o H-H* . / H-H* EE*\ 

V n = -(<r + ««) — a — co Mi — 2jco I /*r — e r — — J 

(5b-65) 
The current density J has been expressed in terms of the electric field 

J = <r(E + Bo) 

where E represents impressed electric-field intensity. The constitutive parameters 
€ and 11 enter into Eq. (5b-65) as complex quantities. The subscripts designate real 
and imaginary parts in the obvious manner. One-half the real part of Eq. (5b-65) 
expresses the time-average energy flow and dissipation; one-half the imaginary part 
represents the mean value of the energy stored in the field. 
The Vector and Scalar Potentials 

An electromagnetic field can, in general, be divided into two parts, one associated 
with electric-type sources J and p, the other associated with magnetic-type sources 
J m and p m . Each part can be developed by means of vector and scalar potentials as 
follows : 

E e = -V0 e - *£ (5b . 66) 

Be = V X A e (5b-67) 

D m V X A m (5b-68) 

m = -V0 m - — (5b-69) 

The general representation of the field in terms of potentials is accordingly 

dA 1 

E = -V<f> e - — e - - V X A m (5b-70) 

1 Z)A 

H = -TXA,-T*,-^ (5b . 71) 
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For homogeneous isotropic media the differential equations relating the potentials 
to the source functions are 1 

V'A.-^^ £ = -MJ (5b-72) 

V'*.-,eg-'= -\ (5b-73) 

V 2 A m -M^= -<J. (5b-74) 

V^ m -M^= -&■ (5b-75) 

Subject to the auxiliary conditions 

Y-'A.+z^-O (5b-76) 

T.A„ + Me^=0 (5b-77) 

dt 

The solutions to the differential equation appropriate to all space when the sourge 
distributions are themselves bounded in extent are 

Ae== A f l]l dv (5b-78) 

4x J V r 

*,-*-/" 1*1^ '/. (5b-79) 

♦--i/r^* (5b " 81) 

where r is the distance from the element of volume dv to the field point P and the 
bracketed source quantities denote retarded values; i.e., for a given instant t at the 
field point P the corresponding values of the source functions at time V = t - r/c, 
c = (/i«)-*, are to be used. For time-periodic fields the complex amplitudes are 

^_. JL/.jf^A, (5b-82) 

••-tli'^* (5b - 83) 

^--s/r^ 1 ?* (6b " 84) 

♦--ss/,'-*?* (5b - 85> 

where fc = 2ir/X = co(jue)*. 
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5b-9. Basic Wave Functions for Time -periodic Fields. This section is a collection 
of basic sets of solutions to Maxwell's equations in a homogeneous isotropic region, 
free from generators, which are appropriate to the rectangular, cylindrical (circular)! 
and spherical coordinate systems. They are particularly useful for boundary-value 
problems m regions bounded by surfaces which correspond to coordinate surfaces of 
the various systems. 

Plane Wuve Functions • 

A plane wave is specified by the complex amplitude of either E or H and the propa- 
gation vector k. The propagation vector may be real or complex, 

k = k r - jki (5b-$6) 

and in the case of a complex k the real and imaginary parts may be collinear or in 
different directions. In all cases the propagation vector must satisfy the relation 

k-k = fc> ■- cuV r (5b-87) 

The constitutive parameter e T here signifies the effective complex capacitivity. 



«r = € r - j ( ei + ^ j 



(5b-88) 

including the effects of both dielectric and conductive dissipation factors. 1 

Let E and H be the complex amplitudes of the respective field vectors- the basic 
wave function is / 

E = Eoe-'k-r (5b-89) 

H = Ho*r*-r (5b _ 90) 

With Ho=^(kXE ) (5b -91) 

Eo= -^ (kXH °) (5b-92) 

and r the position vector, expressed in rectangular coordinates by 

r = X8L X -f ySiy + Z& z 

TEM Waves.* The vectors k r and k> are collinear ; E and H are mutually orthogo- 
nal and he in a plane normal to the direction of k. If E is linearly polarized H is 
likewise linearly polarized. •■' 

- TE Waves.* The vectors k r and k t are not collinear; E is perpendicular to the plane 
defined by k, and k» and H lies in the plane defined by k r and k>. For a given linearly 
polarized E the magnetic vector H is elliptically polarized. 

TM Waves* The vectors k r and k< are not collinear; H is perpendicular to the 
plane defined by k r and k, and E lies in the plane defined by k r and k t . For a given 
linearly polarized H the electric vector E is elliptically polarized. 

Cylindrical Wave Functions 

The circular cylindrical wave functions are expressed in terms of the cylindrical 
coordinates r, 0, z; r and $ being polar coordinates in the xy plane. There are three 
distinct types of basic function characterized by the relationship between the field 
vectors and the z axis. 

1 Wh ^ » al \ d 6T * Te c 01 ^ 1 ^ the Propagation constant k and the propagation vector k 
are multivalued. The choice of the branch of the function is determined by^uchphS 
lion oSwave SGnSe attenUati ° n must °°™spcmd with the sense of propaga- 

2 See Sec. 5b-10. 
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TEM Waves. The vectors E and H are wholly transverse to the z axis and are 
related by 

H = — (a, X E) (5b-93) 

(OfJL 

E — (a, X H) (5b-94) 

we 

The complex propagation constant k has the value given by Eq. (5b-87). Two 
general groups of solutions can be distinguished: 

a) ■ *-*£ *-M& (5b - 95) 

(2) *,=^ *-y-w < 5b - 96 > 

where U n is a separable solution of Laplace's equation in two dimensions; explicitly 

C/ - (AoB + Bo) (Co In r + D ) (5b-97) 

U n = (Or- + D n r- n )e~i nd (5b-98) 



(5b-99) 



T E Waves 








E r 


nW M . TT _ AX. 5 ^« 




Ee 


dyf/ n jj nh 
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E z 


= (A; 2 - h*)f n H z = 


The function ^ n is 




^ n = Z n (Ar)e-i h *e-i n6 
A = (fc 2 - ft 2 )* 



(5b-100) 



(5b-101) 
(5b-102) 

where Z„(Ar) is a suitable linear combination of two linearly independent solutions to 
the Bessel differential equation of order n. The function may be multivalued corre- 
sponding to the multivalued definition of A; the choice of the branch of the function is 
governed by the physical conditions of the problem. The parameters h and n may 
take on real and complex values according to the requirements of a particular problem. 

Spherical Wave Functions 

The spherical wave functions are expressed in terms of the spherical coordinates 
r, 0, <t>; where is the colatitude angle with respect to the pole axis and <f> is the azi- 
muthal angle. The functions again fall into three classes characterized by the rela- 
tionship between the field vectors and the radial direction. 

TEM Waves 

E r = H r - 



TE Waves 



^- H+-±(*)*B,- (5b-103) 

sin B \m/ 



Er = H ' = -$i W--) + fc2 W»m) 



E> = »*£ (^0 H, = ^^ <*-> 



(5b-104) 
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TM Waves 

la 2 id (5b-105) 

where ^ nw = Z n (fcr)£ TC w (cos e)e^ m * (5b-106) 

The function Xnikr) is a spherical function denned in terms of a general cylinder func- 
tion Z n +$(kr) by 

ZnVcr) = (jj~y Z n+h (kr) (5b-107) 

the cylinder function being a suitable linear combination of two linearly independent 
solutions to the Bessel differential equation of order n + |. The function £„ TO (cos 0) 
is a general solution of the associated Legendre differential equation; it is a linear 
combination of the functions P„ m (cos 0), Q n m (cos 0). Note that 

^T 2 (rfnm) + k*(rfnm) - ^ ^ Zn(^)£ n w »(cOS *)«-*»* (5b-108) 

References 
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New York, 1943. 
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York, 1941. 

5b-10. Waves Guided by Conductors. If guides of electromagnetic waves are 
restricted to those of arbitrary but uniform cross section, i.e., cylindrical in shape, and 
if a harmonic time dependence of the form e*'«* is assumed, then the axial dependence 
of all the field components is of the form e^ z . The propagation constant may be 
written 

7 = « + JP 
Basic Wave Types 

Waves containing neither an electric nor a magnetic field component in the direction 
of propagation are called transverse electromagnetic waves (TEM) . These transmission- 
line waves along a multiconductor guide are also known as principal waves. 

Waves containing an electric-field but not a magnetic-field component in the direc- 
tion of propagation are called transverse magnetic (TM) waves, E waves, or waves of 
electric type. 

Waves containing a magnetic-field but not an electric-field component in the direc- 
tion of propagation are called transverse electric (TE) waves, H waves, or waves of 
magnetic type. 

Conventional Transmission Lines 

For a two-conductor uniform line, the differential equations for the voltage V and 
current / are 

£--Lfi-« 

where L, C, R, and G are the inductance, capacitance, resistance, and conductance, 
respectively, all per unit length z of the line. 
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If steady-state sinusoidal conditions of the form e i(at are considered, then the equa- 
tions become 

f z = - (G+juC )V 

and d 2 V/dz 2 = y 2 V where « = 2tcv, v is the frequency, and 7 is the propagation 
constant 

T = V(R + j«L)(0 +jc*C) = a + jfi (5b-109) 

The real and imaginary parts of this constant are the attenuation constant and the 
wave number, respectively. 

The solution for the voltage along the line is of the form 

V = Ae~y* + Be + y* (5b-110) 

The current then is 

1 = Y, [Ae ~ y * ~ Beyz] (5b-lll) 

where Z = (R + jwL)/ T = V(# +j<oL)/(G + i«C) and is called the characteristic 
or surge impedance. Tables 5b- 1 and 5b-2 summarize constants for some common 
lines and some important formulas for transmission lines. 

Velocities of Wave Propagation. The phase velocity, v p = co/0, for the loss-free trans- 
mission line is v p = l/\/LC- 

The group velocity is that velocity of the envelope of a high-frequency wave whose 
amplitude varies at a low-frequency rate 

Vg ~d(i = 1 - (a/vj(dv p /d«) (5b-112) 

Measurement of Load Impedance. A method of determining the impedance which 
terminates a transmission line 1 consists in the measurement of the following: 

1. Position of voltage (or electric-field intensity) minimum as measured from the 
load in electrical degrees, /3d m in where ~ 2ir/\. 

2. Standing-wave ratio S = Fmax/Fmin. Then, the load impedance is 

7r _ 7 I — j S tan fickun , 

Zl ~ Zo S-jtonfHUn (5b " 113) 

Impedance Matching. In order to reduce a given standing-wave ratio to unity, 
either a closed stub or an open stub, both of less than a quarter of a wavelength, may 
be used (Fig. 5b-l). Figure 5b-2 is a set of curves 2 which simplifies matching. 

OPEN- AND CLOSED-STUB MATCHING*. 

l c — length of closed stub 

d c = location of closed stub measured from F m in toward load 

l — length of open stub 
d = location of open stub measured from F min toward transmitter 

1 King, Mimno, and Wing, "Transmission Lines, Antennas, and Wave Guides," p. 41, 
McGraw-Hill Book Company, Inc., New York, 1945; D. King, "Measurements at Centi- 
meter Wavelength," Chap. 6, D. Van Nostrand Company, Inc., New York, 1952; Mont- 
gomery, "Technique of Microwave Measurements, vol. 11, MIT Radiation Laboratory 
Series, McGraw-Hill Book Company, Inc., New York, 1947; "Handbook of Microwave 
Measurements," vols. 1, 2, Polytechnic Institute of Brooklyn, 1954. 

2 "Reference Data for Radio Engineers," 3d ed., p. 331, Federal Telephone and Radio 
Corp., New York. 
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Standard Radio-frequency Cables. Table 5b-3 contains data 1 on standard flexible 
solid-dielectric radio-frequency cables. Figure 5b-3 illustrates the attenuation char- 
acteristics of cables listed according to their standard number. 



Mc 




LOAD 



Fig. 5b-l. Impedance matching with a stub. 
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Fig. 5b-2. Impedance-matching curves. 



Waves in Bounded Regions. Maxwell's equations for uniform guiding systems in 
terms of a propagation factor e ( i ut ~i z) may be stated in terms of the field components 
in the direction of propagation z for: 



RECTANGULAR COORDINATES*. 



1 / . dE. dH z \ 

1 / . dE z dH,\ 

_ 1 / dE, , . dH,\ 

1 / dE, , . dH z \ 



(5b-114) 



1 Listed by the Armed Services Index of R.F. Transmission Lines and Fittings, Armed 
Services Electro Standards Agency ASEA 49-2B, Fort Monmouth, N.J. 
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it _ 1 fjae dE z dH e \ 

tt _ 1 / . dE z . y dH z \ 

7 2 + k 2 \y dr i- r d(f> j 
e* - r I y dE *_L. 4 dH *\ 
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(5b-115) 



where h 2 = wVc 

If the dielectric has finite conductivity <r substitute € (1 + <r/j<oe) for e in the above 
expressions. 1 

For a wave traveling in the negative z direction, substitute -y for y above. 




20 40 60 80 200 1000 2000 

FREQUENCY (MC/SEC) 
Fig. 5b-3. Attenuation of standard r-f cables vs. frequency. 



10.000 



Wave Types, transverse electromagnetic waves (TEM): The longitudinal 
components # r and H z are zero. This requires that T 2 + k 2 = 0, whence 



y = ±jk - ± '& » ±ja> Vu* 

The wave equation, for the electric field 

V XV W - -( T 2 +A .2) E 



(5b-116) 



(5b-117) 



iRamo and Whinnery, "Fields and Waves in Modern Radio," 2d ed. f pp. 305-307. 
John Wiley <fe Sons, Inc., New York, 1053. 
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reduces to Vxy 2 E = and for the magnetic field, V XV 2 H = 0, where V xy 2 is the two- 
dimensional Laplacian (V* 2 ) in the plane transverse to z, representing contributions 
to V 2 from derivatives in this plane. 

transverse magnetic waves (TM ) : The longitudinal component H M of the mag- 
netic field is zero. The wave equation is V t 2 E g = — k c 2 E z , where 

kc 2 - (t 2 + k 2 ) = t 2 + «V (5b-118) 

The propagation constant is y = \Zk c 2 — k 2 where k c is determined from the solution 
of the wave equation subject to the boundary condition that E z = on the conducting 
boundary. The allowable values of k c are called characteristic values, or eigen values, 
and any one of the values determines a particular TM mode for the given guide. 

k c ~ 7— = 2-irfc V/xc 

Ac 

where X c and f c are the cutoff wavelength and frequency, respectively. 
For propagation, i.e., above cutoff, f > f c and 

y ifi = i* V 1 - (7)' (5b-ll9) 

For nonpropagating fields, f < f c and 



The grrowp velocity is 
and the p/&ase velocity is 



yssa ^k c yjl-(^y (5b 120) 

*-$-!> -®7 (5b - 121) 

»»=f =4 1_ (/)T (5b " 122) 

Field components are related as follows: 

f. --ft -£-[>- (87 — 

s--a-[--(OT— 

Attenuation due to imperfectly conducting boundaries: 

__ power loss _ Wl 
~~ 2 power transfer 2Wt 

section section 

\Ht\ 2 = H x 2 + H y 2 is the square of the total transverse magnetic field, d/dn is the 
normal derivative at the bounding conductor wall, R 8 =* VV/x/<r c is the surface resist- 
ance, and <r c is the conductivity of the boundary conductor. 

Attenuation due to imperfect dielectric: 



(5b-123) 



(5b-124) 



<TdJ1 



2Vl- (fc/f) 2 



(5b-125) 



where <rd is the conductivity of the dielectric. 

transverse electric waves (TE) : The longitudinal component E s of the electric 
field is zero. 
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The wave equation is V t 2 H z « k c 2 H z , where k c and y are identical with the values 
denned for the TM waves above except that the wave equation is now subject to the 
boundary condition that the normal derivative of H z is zero at the conducting bound- 
ary (e.g., dH z /dx = along y). 

The allowable values of k c determine the particular TE modes for the given guide. 

For propagation, f > f c and y is given by Eq. (5b-119). 

For nonpropagation, f < f c and y is given by Eq. (5b-120). 

v g and v p are given by Eq. (5b-121) and Eq. (5b-122), respectively. Field com- 
ponents are related as follows : 



t--f-;-«-['-(f)'r — 



*--*-'[>-(0T-*- 

Attenuation due to imperfectly conducting boundaries: 



(5b-126) 



Wl 
2W t 



j;{„ + (flTL=fffla [«■]•}« 



Zte 



I 



(5b-127) 



cross 
section 



H 2 dS 



where dH z /dl is the tangential component 
of the transverse gradient along the 
boundary of the transverse plane. 

Attenuation due to imperfect dielectrics: 

ctd as given by Eq. (5b-125) 

Common Waveguides. Rectangular Wave- 
guides: See Fig. 5b-4. 

a. No TEM wave is possible within the 
guide. 

b. TM mn waves: 




Fig. 5b-4. Coordinate system for rec- 
tangular guide. 



„ „ . (m-K \ . (n-K \ 
E z = E sm ( — x\ sin l~r y) 

. (nir/b)f „ . (m-K \ (n-K \ 
. (mir/a)f r, /mw \ . /mr \ 



(5b-128a) 



E x = ZtmH v 
E y = — ZtmH x 



c. TE mr , waves: 



T _ TT /rax \ (nic \ 

H z = JET cos ( — x) cos I -=- y ) 



E x =j 



v(nirj 



ivf/b) TT fmir \ . (nir \ 



-, .7i(mirf/a) Tr . fmir \ /nir \ ,_, 10QM 

E y = -3 kf Ho sm ( — x) cos ( -j y) (5b-1286) 



H x = 
H y = 



-E v 

Zte 

Zte 
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The propagation factor e u<at ~v*> is understood for a wave traveling in a positive z 
direction where y> Ztm, and Ztb are given by Eqs. (5b-119) to (5b-123). 

For a negatively traveling wave, e u<at+ T> is used and the signs of Ztm and Zte are 
reversed. 

The characteristics determined from the dimensions of the waveguide are 



<w~-V(t) , + (t)' 

2ir 2 

Cutoff wavelength (\c)mn = 7- = — , 

kc V(m/a)* -f (n/6) 2 

Cutoff frequency (f c )mn = c r - = - — 7= \(~) +(t) 

2tt Vmc 2 V/i€ ' \ a / \°/ 

Guide wavelength (Kg) mn = 



(5b-129) 



Vi - [(/oW/P 



The allowable values of m and n are 

TE mn : m, n are integers,* either m or n may be zero, but not both. 

TMmn'. m, n are integers; neither m nor n can be zero. 
Attenuation above cutoff due to imperfect conductivity: 



<*>«- - mi A^ [ 1+ ?(/)'] (5b - 130) 



k^"' = 6,[1 - (/,//)»]* t V + a )\f) + L \/ ) J (&'mVa') + n« J 

(5b-131) 

Mr -"~ ~ br,[\ - (/„//)']» U»(*/a)« + «*J (5b " 132) 



77ie dominant TE10 wave in a rectangular guide: 
For this principal mode, m = 1 and n — 
The field components are 



If « = Ho cos f — j 

Ey j ^ Ho sin fc x) ■ E x = (5b-133) 

ZtEio ^ZtEio \o> / 

Zti 



Hy = 



t>„ = 



Vl - (X/2a)* 
1 



phase velocity 



VJe Vl - (X/2a) 2 

v g - —j=^ \ 1 - \j2 a ) group velocity 

X c = 2a cutoff wavelength 

/ c = —7=. cutoff frequency 

2a V mc 



The waveguide wavelength is 



X, - . X - -, * = (5b-134) 

9 Vl ~ (X/2a)« V/V - (l/2a)» 
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Attenuation due to imperfect dielectric, of conductivity <r: 



(5b-135) 



2 V\ - (i/2o VW) 2 
Attenuation due to imperfect conductor, of conductivity <r c : 

ac= _ Vjgfr ■ r 1+ »/^i_yi ( 5b-i36) 

6 V M / e Vi - (l/2a vW) 2 L a \2 a vW' J 

Common rectangular waveguides used in the dominant TEio wave are listed in Table 
5b-4. Table 5b-5 lists letter notation for certain bands of microwave frequencies. 

Table 5b-5. Letter Notation for Certain Bands of 
Microwave Frequencies* 





Frequency, 


Wavelength X, 




mcps 


cm 


p 


225-390 


133.3 -76.9 


L 


390-1,550 


76.9 -19.37 


S 


1,550-5,200 


19.37 - 5.77 


X 


5,200-10,900 


5 77 - 2.75 


K 


10,900-36,000 


2.75 - 0.834 


Q 


36,000-46,000 


0.834-0.652 


V 


46,000-56,000 


0.652- 0.536 



* Signal Corps Engineering Laboratories, Fort Monmouth, N.J. 

Circular Cylindrical Waveguides (see Fig. 5b-5.) 

a. No TEM wave is possible within the guide. 

b. TM n i waves: 




E t — EqJi 



Xker) [ 



cos n<f> 
sin n<f> 



H T =-j 



nf 
kcvrfc 

. f 



EqJj 



,<fcr) [I 1 



sin n<f> 
cos n<f>\ 



(5b-137a) 



fcv Lsin n<t> 

E<p = — H t Ztm 

Fig. 5b-5. Coordinate system for cir- jg ^H-Ztm 
cular cylindrical waveguide. 

Boundary condition requires */»(A; c a) — where J n (x) is a Bessel function. 1 If p n i is 
the Ith. root of J n {x) — 0, then 

a 

Boundary condition requires the derivative of the Bessel function to be zero, i.e., 
J' n (k e a) = 0. If p^ is the Ith. root of J' n {x) = 0, then 

{kc)nl = — 

a 



1 Jahnke and Emde, "Tables of Functions," Dover Publications, New York, 1943 
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c. TEni waves 



H z = HoJ n (k c r) [ c ? s n * 
|_sm n<}> 



(Xc)l 



(fch 



2wa 

Vnl 



Jc Lsm n<f> 

Zte 

E$ 
Zte 

(\ ^ 2ira 

KAc)TE nl = — — 



^ 






sin n</> 
cos n0 



(5b-1376) 



Vnl 



2ira 'S/ lit 



(fc)TE nl = 



Vnl 



(Xff)nZ = 



2xa Yjim 

guide wavelength 



cutoff wavelength 
cutoff frequency 



Vl - K/.//)nZ]» 
The allowable values of n and I are 

r^nj: n, I are integers; n can be zero but not I. 
TMnU n, I are integers; n can be zero but not I. 

Table 5b-6. Summary of Wave Types for Circular Guides 



(5b-138) 



TM Q 







TM 




TM U 




=>sfc 



S^£ 



Ti5o: 




Utf 5:t.t:(: t} ttt 

•/'• 5— .-4: +Wm- $.-»...* •»•. 











Attenuation due to imverfect conducting walls: 

R. 



(otcJTMnl 
(<X c )TE n i = 



arj y/\ 
R* 



(/c//) 2 



nepers/m 



Vl - (/c//) 2 



a?7 



L\/7 + <p> - " 2 J 



(5b-139) 
(5b-140) 
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The expressions for 7, Ztm, Zte are the same as described under the general con- 
siderations of waves in bounded regions and are used with the cutoff frequencies 
determined above. 

Waveguide Discontinuities 

Discontinuities in waveguides and their scattering properties may be represented by 
equivalent networks and conventional transmission lines. 1 

For example, a symmetrical obstacle strip of small thickness with its edges per- 
pendicular to the electric field (TEiq mode) in rectangular guide is represented by a 
capacitance across the line, whereas a strip parallel to the electric field is represented 
by an inductance across the line. 

Anisotropic Wave-propagation Systems 

The use of ferrites (Sec. 5h-10) at microwave frequencies is possible because of their 
high resistivity (typical values from 10+ 4 to 10+ 6 ohm-m as compared with 10" 3 ohm-m 
for iron). These ferrites have typical relative dielectric constants ranging in value 
from 9 to 20. 

The tensor permeability property of the ferrite is what makes the ferrite so useful 
at microwave frequencies. This property is used in many ways, among which the 
following two are more common. 

Faraday Rotation at Microwave Frequencies. Polder 2 has shown that a ferrite region 
which is uniformly magnetized and saturated and subjected to uniform r-f fields will 
have the following uniform flux densities: 



b x = ph x — jkhy b y = jkh x — nh y b z = n v h z 

y Ma>o __ 0.035 Mc 

M _ fj, v - ^ _ ^ 2 y amp/m 

fr = ca = yU t 

wo — or 



(5b-141) 



where f* v = permeability of free space and M = magnetization. Here, the d-c field 
H a is applied in the z direction, which is the direction of the propagating electro- 
magnetic wave of angular frequency w. The resulting d-c magnetic field Hi internal 
to the medium is calculated for the specific shape of the ferrite region by standard 
magnetostatic techniques. 

This arrangement of fields results in a rotation of the field components in the follow- 
ing way. If an exciting linearly polarized r-f field is separated into a sum of a clock- 
wise circularly polarized field vector and a counterclockwise circularly polarized field 
vector, the tensor permeability sets up the following fields: 

b x = (m — k)h x clockwise components 

by = -j(m - k)h x K = -jh x (5b-142) 

0x — (^ _j_ fc)/^ counterclockwise component 

b y = +i(/x + k)h x h y = +jh x (5b-143) 

The result is a net rotation of the linearly polarized wave through an angle 3 

e = ^ V7e (0cw V^ - <*w V^) (5b-l 44) 

1 Marcuvitz, "Waveguide Handbook," pp. 101-413, MIT Radiation Laboratory Series, 
McGraw-Hill Book Company, Inc., New York. « «» nc/m-im 

2 D Polder, On the Theory of Electromagnetic Resonance, Phil. Mag. 40, 99-115 (1949). 

3 Fox, Miller, and Weiss, Behavior and Applications of Ferrites in the Microwave Region, 
Bell System Tech. J. XXXIV-5 (January, 1955). 
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where co = 2irv 

I = length of ferrite sample 

e e = effective relative dielectric constant of composite thin ferrite rod and 
cross-sectional region of the guiding system 
</>cw — cutoff factor of the clockwise rotating component of the total linearly 

polarized r-f field 
<£ccw = cutoff factor of the counterclockwise rotating component of the total 
linearly polarized r-f field 
Me cw and Meccw are the effective relative permeabilities of the composite system for the 
clockwise and counterclockwise components, respectively. 

A ferrite loaded round guide propagating the TE n mode and having an axial d-c 
magnetic field is generally used to obtain the Faraday rotation. 

Transversely Applied D-C Magnetic Field. If a transverse d-c magnetic field is 
applied to a ferrite region in a rectangular waveguide, the properties of the dominant 
mode are affected in the following way: 

1. Phase constants for the two directions of transmission are different. 

2. The attenuation constants for the two directions of transmission may be different. 

3. The electric- and magnetic-field configurations in the waveguide are different 
for the two directions of propagation. 

Any one or combinations of these effects can be used to obtain a nonreciprocal 
behavior. 

6b-ll. Resonant Cavities. Resonant cavities are used at high frequencies in place 
of lumped-circuit elements, primarily because they eliminate radiation and in general 
possess very high Q's. 

The Q of a resonator is defined as follows: 



2xy r e8onance (energy stored in circuit) _ (a U 
average power loss — Wl 



(5b-145) 



The Q may be estimated from a measurement of the 1/V2 amplitude points on each 
side of resonance; then l/Q — Av/v Q . 



Common Resonators 
Rectangular Resonators. 



The modes are designated by TE mnp or TM mnp where the 



letters m, n, p represent number of variations in x, y, z directions, respectively. 
simple TEioi mode (see Fig. 5b-6) 



E y = E sin — sin -r 
a a 

TT . EqK . wx wz 

H x = —J -ttj sm — cos s 

t\ld a d 

TT . Eq X irx . ttZ 

H t —2 — TT cos — sm -j 

. 17 2a a d 



(5b-146) 



; \_a< 



4R t 



For silver: 
For copper: 

For brass: 
For air: 



26(a 2 + <P)i 1 

d(a 2 +d 2 ) +26(a 3 + d 3 )J 




t T . 



(5b-147) 

R, = 2.52 X 10" 7 V'v 
R, = 2.61 X 10" 7 V'v 
R, =3.26 X 10" 7 Vw 
-n = 377 ohms 



^*H 



Fig. 5b-6. Electric and magnetic fields in 
rectangular resonator with TEioi mode. 
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For dielectric constant e r : 
TEmnp mode: 
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377 



v = 



Ve r 



H* 



~ m-nx mry . pirz 

— C cos cos —r 2 - sin £ —j- 

a o a 



C /pir\ /nir\ mirx . mry pirz 

H » = -k? (d) Vb) cos — sm -T- cos T 

_ C /pir\ /W\ 

E * - ~w \t) 

iC Yrrnr\ 
2 V a ) 



. mirx mry pirz 
sm - — cos — r 2 cos £ -v- 
a b a 



mirx . mry . pirZ 

\ cos sm — r 2 sm ^—r- 

a o a 



= _ iwjuC ^ 



m7rx wxw . 7?7T2; 

I sm cos -r^ sm £ - J - 

a o a 



TM mnp mode: 



_ _ . mirx . mry pirZ 

E g = D sm sm — r 2 cos £ -^- 

a o a 

,, D fpir\ /ir\ mirx . mry . pirz 

E * = ~k? (-J) (a) C ° S ~T Sm "F Sm T 

„ D /vtt\ /mr\ . mirx mry . pirz 

E » = ~k? \T) (t) sm — cos T sm T 

Tr JueD fmr\ . mirx mry 

2r "-V(T) an -S- C08 -T 



J07T2 



H M 



jweD /mir\ raxs . mry p-n-z 
Vt" I ) cos sm —T~ cos j 

k c 2 \ a J a b d 



Note: 



'•'-(ir) 1 + (?)* = (!)* 
'-?-[(?)• + (¥)' + (?)'] 



±z 



z^ 



(5b-148) 



(5b-149) 



Circular Cylindrical Resonator 

A simple mode (TM 010 ) exists and is shown in 
Fig. 5b-7. 



CURRENT 



%/' A ^ + N \\ ^ 

/'♦ ? A#tA Vi\vY 

' i i ' !+*♦ ♦♦+4. ' Mir 



J0, = EoJ (kr) 

H* =j^Ji(kr) 
V 



(5b-150) 



k = 



p 01 _ 2.405 



a a 

X = 2.61a (resonant wavelength) 
v 2.405 



Q = 



# s 2[aA + 1] 



where a — radius and h = length of cavity. 
Other modes are shown in Fig. 5b-8. 



ELECTRIC FIELD 

MAGNETIC FIELD 

Fig. 5b-7. Simple TMoio 
mode in a cylindrical cavity. 



Spherical Resonators 

Figures 5b-9 and 5b-10 show the field patterns for 
the TM ioi and TEioi modes, respectively. 
General Considerations, degenerate modes: Modes with different field distribu- 
tions but with the same resonant frequency are called degenerate modes. 



TE |M , CYLINDER 
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v, « 



21 



>R5? 



21 



%R5? 



'"V^fe 



Fig. 5b-8. Other modes in a cylindrical cavity. 



• Electric Field 
-Magnetic Field 




Section Through Axis Section Through Equator 

Fig. 5b-9. Field patterns for simple TMioi mode in spherical resonator. 
X = 2.29a. 
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Fig. 5b-10. Field patterns for TEioi mode in spherical resonator. Resonant wavelength 
X = 1.39a. 
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coupling to cavities: Coupling to cavities may be accomplished by: 

1. Introduction of a conducting probe or antenna in the direction of the electric- 
field lines, driven by an external coaxial transmission line. 

2. Introduction of a conducting loop with plane normal to the magnetic-field lines, 
also driven by an external transmission line. 

3. Introduction of a hole or iris between the cavity and a driving waveguide, the 
hole being located so that some field component in the cavity mode has a common 
direction to one in the waveguide, e.g., directional couplers, etc. 

4. Introduction of a pulsating electron beam passing through a small gap in the 
resonator, in the direction of electric-field lines, e.g., klystron tube. 

coupling between cavities: Coupling of energy from one cavity to another may 
be accomplished by means of an iris in the wall common to the cavities and by other 
means listed above. 1 

5b-12. Radiation, Scattering, and Diffraction. Radiation Field of a Current 
Distribution. Given a distribution of electric and magnetic currents, specified by the 
density functions J(x,y,z) and J m (x,y,z) occupying a finite region of space. Consider 
a reference frame with its origin in the vicinity of the sources and let R, 6, <f> be the 
spherical coordinates of a field point P; em, &$, H be the unit vectors constituting the 
basis vectors of the spherical coordinate system ; and r = xsl x + ya. y + za 2 be the posi- 
tion vector from the origin to a point in the distribution. 

The far-zone region is that region of field points at which the distance R is very 
much greater than the distance r from the origin to any point in the distribution. The 
far-zone or radiation field consists of the dominant terms, of order 1/R, of the com- 
ponents of the field vectors. To order 1/R the field is transverse to the radial direc- 
tion and its components in the spherical-coordinate basis system are 



Ed = — jco/i 
E<f> = 



p -jkR 



u 



4ttR Jv 
e -jkR r 



&4> 



f- - + (;)■* 



(5b-151) 



e i*p*a dv = (£\* H<f, 

e w*B dv = - (^V He (5b-152) 



The quantities 



'■>>(*,*) - f v 



J -a* + 
J -a* 






SL<f> 

• &e 



ei kt '*R dv 
e iK-*« dv 



are the complex space factors of the field components. 

The Poynting vector-— the time ayerage intensity of power flow — is 



2 - jRe (E XH*)- ^ ^)* *(•,*)•« 



where ;/■■**&,+) = |F*|» + |F,|» 

is the space factor of the power flow. The power per unit solid angle is 



P(M)<JP|n| -^'(fy*(^)' 



(5b-153) 
(5b-154) 



(5b-155) 
(5b-156) 

(5b-157) 



Gain Function and Gain. The directivity characteristics of the radiating system are 
expressed by the gain function, the ratio of the power radiated per unit solid angle in a 
direction (0,<f>) to average power radiated per unit solid angle. It is also referred to 

1 J. C. Slatery "Microwave Electronics," pp. 135-168, D. Van Nostrand Company, Inc., 
New York, 1950. 
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as the gain function with respect to an isotropic radiator radiating the same total 
power. Thus, 

Qifi,+) - x f2v fv = r 2 x rx (5b-158) 

7- / / P(6,<f>) sin Bd6d4> / / *(0,tf>) sin 6d0d<f> 

The absolute gain is the maximum value of the gain function. The directivity is the 
absolute gain expressed in decibels: 

Directivity = 10 logio. [0(*,*)],n« (5b-159) 

The directivity characteristics may also be specified in a more detailed manner in 
terms of the power associated with each of the orthogonal components Ee and E+: 

<"'- n,,^' ■•■'. ••■■ (5b-160) 



J] ^(&,<t>) sin Bd0d<t> 
I V I * *(0,<t>) sin 6 dd d<t> 



O* - ,„ „ 4y|n ' 2 (5b-l61) 



It is evident that 



G(0,<j>) - GW,*) + <?*(*,*) (5b-162) 

TTie Electric Dipole. A short linear structure designed so that the current distribu- 
tion is uniform over its extent is equivalent to an oscillating electric dipole of moment 

V =jl (5b-163) 

where J is the current and I is the length of the structure. 

If the dipole is taken to be at the origin of the coordinate system and the dipole axis 
is taken as the polar axis of a spherical-coordinate system, the components of the 
field are : 

Eb "^{gi + J) C0S ■;^^" i *"- (5b-164) 

Ee ' ite (» + I " I) Sln * ^^ (5b - 165) 

H + "■* ^ (^2 + f ) sin e V«e~ jhR (5b-166) 

where po is the amplitude of the time-varying dipole moment, 

V - Poe^ (5b-167) 

The Poynting vector— intensity of power flow-^is 

„ <oh 3 , . _ sin 2 & , , 

= 32^ l??o1 ~W a * (6b-168) 
and the gain function is 

#(*,*) - I sin 2 (5b-169) 

The Magnetic Dipole. A small current loop encompassing ai* area A and carrying a 
current / is the equivalent of an oscillating magnetic dipole of moment 

m = IA (5b-170) 

The magnetic moment is normal to the area A. Taking again the dipole at the origin 
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and the dipole axis as the polar axis of a spherical-coordinate system we have for the 
field components 

; *-£(?)* (i-i)*'^*" (6b - m) 

H R = ^ Qi + Ji) «os 9 m„e-'*« (5b-172) 

H ^ = ilh + §-S) siaem ^ kB (5b - 173) 

where ra is the amplitude of the time-varying magnetic moment. 

The gain function is the same as that of an electric dipole. 

Scattering and A bsorption. The scattering and absorption characteristics of a 
system in otherwise free space are formulated in terms of the interaction of the system 
with a homogeneous plane wave. From a wave-theory standpoint the elements are 
as follows: Under the action of the primary incident wave E», Hi the system is excited 
and produces a secondary fieldiE,, H,. The Poynting vector of the resultant field is 
then 

n - £ Re [(E< + E.) X (Hj + B.*)] 

- £ Re (E< XH*)+i ^ [(E< X H*) + (E. X H*)] + £ Re (E. X H.) 

(5b-174) 
or n - n» + n ia + n. (5b-175) 

The subscripts make the obvious identification of the parts of (5b- 175) with those of 
(5b- 174). The term n ls is the representation of the interaction between the primary 
and secondary fields. The term n, is the intensity of power flow that is formally 
associated with the secondary field regarded as an independent entity. 

The integral of the normal component of the resultant Poynting vector over a closed 
surface enclosing the scattering system measures the energy transferred from the 
incident wave to the system. The net contribution of IT* in this computation is zero, 
and thus 



f (n • n) dS - f (Hi. • n) dS + / (n s • n) dS < 

enclosing enclosing enclosing 

surface surface surface 



(5b-176) 



with n the unit vector normal to the surface directed outward from the region occupied 
by the system. If the system is such that it absorbs no energy from the incident wave, 
the net power flow out from the region must be zero; whereas if the system absorbs 
energy, the net power flow out from the region must be negative. That is, 

Pabs - - f (Ui. • n) dS - J (n. -n)dS (5b-177) 

enclosing enclosing 

surface surface 

The surface integral of the normal component of the Poynting vector n, associated 
with the secondary field alone is necessarily positive since the secondary field must 
take the form of an outgoing wave from the system. This quantity is defined to be 
the power scattered by the system 

Pscat - J(S.-n)dS- J[n--|Re (E^H:)]^ (5b-178) 

enclosing enclosing 

surface surface 
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The complete exchange of energy is expressed accordingly, 

P.b. + P«.t = - / In • ft Re (E< X H?) + (E. X H?)]J dS (5b-179) 

enclosing 
surface 

The absorption cross section is denned as the ratio of the power absorbed to the 
incident power intensity: 

P ab8 = \Ui\A** (5b-180) 

When applied to antennas the absorption cross section is referred to more commonly 
as the receiving cross section Ar. 

The scattering cross section is denned as the ratio of the power scattered to the 
incident power intensity: 

P^at - \lli\As (5b-181) 

The sum A a + A 8 is the total cross section of the system. 

The scattering cross section denned in the foregoing is the total scattering cross 
section for the particular direction of incidence of the plane wave. It is also cus- 
tomary to speak of the differential cross section which is the ratio of the power scattered 
per unit solid angle in a given direction to the incident power intensity; thus 

v = «gnj (5b-182) 

All the cross sections which have been denned are functions of the direction of 
incidence of the primary wave. The functional dependance of the receiving cross 
section of an antenna is referred to as the receiving pattern of the antenna. 

The polarization of the incident wave must be specified when the cross sections are 
discussed. In particular, when values are given for the receiving cross section of an 
antenna it is implied that the polarization of the incident wave is that for which the 
response is a maximum. If the antenna radiates linear polarization in a given direc- 
tion when transmitting, the incident plane wave, on reception, is considered to be 
polarized correspondingly; if the antenna on transmission radiates elliptical polariza- 
tion, the cross section is referred to an incident plane with proper sense of elliptical 
polarization (opposite in sense to the transmission characteristic) with corresponding 
ellipticity. Separate cross sections may be defined corresponding to the separate 
components Ee and E<f, of the transmitting pattern. The total cross section corre- 
sponding to a given direction of incidence is, however, not in general equal to the sum 
of the component cross sections. 

Reciprocity Theorem and Universal Average Absorption Cross Section. The reci- 
procity theorem states that the transmitting and receiving patterns of an antenna 
system are the same when the external medium, the antenna structure, and its asso- 
ciated networks are linear and bilateral (the constitutive parameters of all media are 
either scalars or symmetric tensors). 

The receiving cross section of an antenna is dependent on the impedance relation- 
ships between the antenna and its associated networks (transmission line and detector) . 
The maximum value is attained when the system is matched, i.e., the input impedance 
to the antenna is the conjugate of the input impedance of the associated networks as 
viewed from the antenna terminals. 

The average value of the absorption cross section of a matched system over all 
aspects is a universal constant: 

Ar - 7- ■' (5b-183) 



5-72 ELECTKICITY AND MAGNETISM 

The reciprocity theorem is embodied in the relationship 

M*,+) '- W,*)£ (5b-184) 

between the cross section presented to a plane wave incident from a given direction 
(0,0) and the gain function of the antenna system on transmission in that same 
direction. 

Fourier-transform Relation between Far-zone Field and Current Distribution. The 
vector potential of a current distribution in the far-zone region of the distribution 
[cf . (5b-78)] assumes the form 

A = 4^B e '** / Je ikT '*» dv (5b-185) 

The radiation-field components are simply related to the vector potential by 

Ee= -jwA-a0= -juAe (5b-186) 

E+ - -j«A • a^ = -ja>A<t> (5b-187) 

The complex space factors Fe and F+ are thus the corresponding components of the 
vector quantity 

F = / Je>»t'*rdv (5b-188) 

Let the propagation vector k be denned by 

k = kar (5b-189) 

Then we have a vector function 

F(k)= f v Je*«dv (5b-190) 

Except for constants the vector function F(k) is the Fourier transform of the current 
distribution. It is the equivalent of the transform encountered in X-ray diffraction 
theory. The transform is defined for values of k embracing all possible values of its 
components. The radiation pattern is associated with only those vectors k for which 
the components satisfy the relations 

W + fc 2 2 + fo 2 = fc 2 =^? (5b-101) 

The current distribution is in turn the transform of vector function F, namely, 

J(r) = (2rT 3 j-oof-^f-oo F ( k ) e_ '' k ' r dkidkfdkt. (5b-192) 

with, of course, 

k • r = kix + k 2 y + *** . (5b-193) 

This transform relationship is useful in the general theory of radiating systems. 

Development of a Field from Boundary Values — Huygens-Fresnel Principle. Given 
a surface /S enclosing the sources and the values of E and H over the surface S. The 
field at a point P outside the region of the surfaces is given by 

E p = ^ f [ - jW(n XH)H (n X E) X V+ + (n . E) V*] dS (5b-194) 
H p = i f [ju>e(n X E)^ + (nXH)XVH(n- H)V*] dS (5b-195) 

4ir Js 
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where a is the unit vector normal to S directed outward from the region of the sources; 
^ = e ~ ikr /r with r the distance from dS to P; V the gradient in terms of the coordinates 
on£. 

Equivalent representations are 



4tt J 8 
4ir JS 



*S- H £] ffl (5b - l97) 



(5b-198) 



and E p - jA- j s [(n X H) • V(tfl + & 2 (n X H)*] <iS 

Hp = 4^/s [(nXE) * V(V ^ +A;2(aXE)rt ^ (5b-199) 

The representations are transformable one into the other only when closed surfaces 
are considered. 

Representations (Sb-194), (5b-195) and (5b-198), (5b-199) are forms corresponding 
to equivalent distributions, 

Surface electric current J' = n X H 

Surf ace magnetic current J^ = -n X E (5b-200) 

Surface electric charge p 8 = e(n • E) 

Surface magnetic charge p Sm = ju(n • H) 

When the surface S is an equiphase surface of the wave field the representations con- 
stitute the mathematical expression of the Huygens-Fresnel principle for the electro- 
magnetic field. The equivalent source functions (5b-200) are in toto the appropriate 
system of Huygens' sources to be associated with an element of surface dS. 

The representations (5b-198) and (5b- 199) embody the required equation of con- 
tinuity between the current and charge distributions on a surface. The development 
of the field is thus based on just two fundamental source functions J' and J^. 

Large-aperture Systems— Reflectors, Lenses, Horns. The formation of beams by 
reflectors, lenses, and horns in which the aperture is the dominant factor is by a process 
of diffraction. When the aperture involved is large compared with the wavelength* 
the radiation process can be treated reasonably well by the following line of analysis. 
The field over the aperture is related in the most simple way possible to the primary 
sources— in the case of lenses and reflectors, by the use of geometrical optics; in the 
case of horns, by considering the field distribution which would exist over the aperture 
plane of the horn extended to infinity. All Huygens' sources are considered to be 
negligible in comparison with those over the aperture plane associated with the simple 
aperture field. The field appropriate to those Huygens' sources over the aperture is 
then 

Ep = ix^ / [(n X H) " V(V ^ + * 2(n X H) * ] dS (5b-201) 

aperture 

H p = ~— J [(n X E) • V(Ty) + k*(n X E)*J dS (5b-202) 

aperture 

with the quantities having the definition given in the previous section. It is to be 
noted that in the present case the integration is carried out over an open surface in 
contrast with that of the previous section. 

When the aperture field is obtained by the simple considerations stated before, there 
is an elementary relation between the tangential components of the electric and mag- 
netic vectors over the aperture. For the particular case of a plane aperture and condi- 
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tions such that the aperture is virtually an equiphase surface the relationship has the 
form 

H = «(n X E) (5b-203) 

where a is a constant for the particular system. In the case of lenses and reflectors 
a = (e/fi)% whereas in the case of a horn it is the transverse wave admittance corre- 
sponding to the infinite horn. 

The far-zone field of the system of Huygens* sources is then 



E„-^= 



4wR 
where N is the radiation vector 



a* X [ (n + a. (*y a«) X n] (5b-204) 



N = [ Ee'* (x Bind °° a * + * aind 8in *> dxdy (5b-205) 

JAp 

with slr a unit vector in the radial direction from an origin in the aperture, R, 0, <f> 
spherical coordinates of the field point (the polar axis being normal to the aperture 
plane) and E the electric-field vector in the aperture. Componentwise: 

Ee = ^Lr R X + a (l)* C0S \( Nx cos + + N * sin *) = (fV H * (5b-206) 

E * = ik ^R C ° S ° + a (e )* 1 {Nx Sin * " Ny C0S ^ = ~~ (f)* He (5b " 207) 
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5b-13. Waves in Space-charge Regions. Plasma Oscillations. Langmuir and 
Tonks 1 observed the phenomenon of oscillation in a plasma consisting of approximately 
equal density of electrons and positive ions, and showed the angular frequency to be 



& 



«p ^[~) (5b-208) 

where p = charge density, coulombs /m 3 

r\ = charge-to-mass ratio, coulombs/kg 
e v = capacitivity of space, 8.854 X 10 -12 farad /m 
For electrons, 77 = 1.759 X 10 11 , oscillation frequency is 

v p = 8.979iV* cps 

where N = number of electrons /m 3 

Oscillations of ions in the plasma have also been observed 2 but the frequency is lower 

by the square root of charge-to-mass ratio. 

The mechanism of plasma oscillation has been studied in detail for both the longi* 

il. Langmuir and L. Tonks, Pkys. Rev. 33, 195 (1929). 

2 R. Rompe and H. Steenbeck, Ergeb. exakt. Naturwiss. 18, 303 (1939). 
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tudinal (irrotational) oscillations, 1 which do not radiate, and the transverse oscilla- 
tion, 2 which do radiate. 

The general dispersion relation giving wave number k as a function of angular 
frequency w in a region having a distribution of velocities following a given distribution 
function /(v) is 3 

i = M f /fr 

e v J (« - k • v) 2 

Space-charge Waves in a Drifting Stream. Hahn 4 and Ramo 5 studied electro- 
magnetic-wave phenomena along an electron stream drifting with a constant d-c 
velocity (much greater than the thermal velocities) in the axial direction. All d-c 
fields in the drift region were neglected (as when the beam is neutralized by positive 
ions) and alternating current and velocity were assumed small compared with the 
d-c values. Assuming time and axial variations as exp [j(o)t — fiz)], the following 
differential equation applies within the beam: 

V,.* = (fi* - *•) [l - j^^i] B (fib-210) 

where V* 2 = transverse part of div grad 
k s= free-space wave number, co/c 

<a p = as in Eq. (5b-208) 

vq = d-c electron velocity 

E = axial component of a-c electric field 
For a one-dimensional stream, V t 2 E = 0, four values of result from Eq. (5b-210), 
two field waves in this simple case completely uncoupled from the electrons, and two 
space-charge waves which correspond to plasma oscillations in the moving-coordinate 
system. 

Field waves: p =* ±k (5b-211) 

Space-charge waves: j3 — w ~ Wp (5b-212) 

Vq 

If transverse variations in the a-c solutions are allowed and the beam is enclosed by a 
perfectly conducting cylinder, the field waves are only slightly perturbed from the 
waveguide solutions for the corresponding hollow cylinder. Space-charge waves 
occur in pairs bracketing the d-c electron velocity. For co 2$> co Pf the phase constant 
corresponding to the nth eigen value of Eq. (5b-210) may be written 

■^.-ijiS. (5b-213) 

Vo 

a) Qn is an effective plasma frequency, reduced from <*> P by the image charges on the 
drift-tube walls. Curves of co ffn /« p f or n = 1, 2 are given in Fig. 5b-ll applying to a 
circularly cylindrical beam of radius & in a perfectly conducting drift tube of radius a. 
A-C velocity and current vary along the beam as follows, in terms of the initial 
value for the nth mode: 

in (Z) = in(0) COS /?„Z + j — ^n(O) sin finZ 

" fln (5b-214) 

v n (z) = v n (0) cos j3 n z + j — i n (0) sin finZ 
poco 

where po = magnitude of d-c charge density 

i B. Bohm and E. P. Gross, Phys. Rev. 75, 1851, 1864 (1948). 

2 H. R. Mimno, Revs. Modern Phys. 9, 1 (1937); H. Lassen, Ann. Physik 1, 415 (1947); 
H. Margenau, Phys. Rev. 73, 297 (1948). 

3 Bohm and Gross, loc. cit. 

4 W. C. Hahn, Gen. Elec. Rev. 42, 258 (1939). 
6 S. Ramo, Phys. Rev. 56, 276 (1939). 
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Growing Waves. The a-c space-charge waves may grow along the electron stream 
because of various interaction processes which transfer energy from the kinetic 
energy of the beam to the a-c fields. These processes are important for producing 
practical microwave amplifiers of the beam type, but also in the amplifications of noise 
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Fig. 5b-ll. Effective plasma-frequency reduction factor for circular cylindrical solid 
electron beam of radius b in perfectly conducting drift tube of radius a, for modes 1 and 2. 
[From C. K. Birdsall and J. R. Whinnery, Waves in an Electron Stream with General Admit- 
tance Walls, J. Appl. Phys. 24, 314 (1953).] 

fluctuations in electron tubes, gaseous-discharge devices, and possibly in stellar 
atmospheres. Some of the basic interactions which produce growing waves are 



1. Traveling-wave interaction 1 

2. Multiple-velocity stream interac- 
tion 2 

3. Inductive-wall interaction 3 

4. Resistive-wall interaction 4 



5. Velocity-jump interaction 5 

6. Rippled-wall and rippled-stream in- 
teraction 8 

7. Magnetron-type amplification 7 

8. Slipping-stream amplification 8 



1 J. R. Pierce, "Traveling-wave Tubes," D. Van Nostrand Company, Inc., New York, 
1950; R. Kompfner, Wireless World 52, 369 (1946). 

2 J. R. Pierce and W. B. Hebenstreit, Bell System Tech. J, 28, 33 (1949) ; A. V. Haeff , 
Proc. IRE 37,4 (1949). 

3 L. R. Walker as described by Pierce, op. cit., p. 195; C. K. Birdsall and J. R. Whinnery, 
J. Appl. Phys. 24, 314 (1953). 

4 J. R. Pierce, Bell System Tech. J. 30, 626 (1951); C. K. Birdsall, G. R. Brewer, and 
A. V. Haeff, Proc. IRE 41, 865 (1953). 

6 P. K. Tien and L. M. Field, Proc. IRE 40, 694 (1952). 

e S. Bloom and R. W. Peter, RCA Rev. 15, 95 (1954) ; C, K. Birdsall, Proc. IRE 42, 1628 
(1954). 

7 R. Warnecke, W. Kleen, A. Lerbs, O. Doehler, and H. Huber, Proc. IRE 38, 486 (1950). 

8 G. G. MacFarlane and H. G. Hay, Proc. Phys. Soc. (London) B63, 409 (1950) ; R. 
Warnecke, H. Huber, P. Guenard, and O. Doehler, Compt. rend. 235, 470 (1952). 
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Technical applications of traveling-wave interaction, in which an electron stream 
interacts with a circuit having a slow wave in approximate synchronism with the 
electron velocity, are the most important of the above. Pierce 1 has shown that gain 
of a traveling-wave device may be written 

G = A + BCN db (5b-215) 

where N = number of guide wavelengths in interaction circuit 

C — Pierce gain parameter = (I K/4:Vo)$ 

I = d-c beam current 
Vo = d-c beam velocity 

K = interaction impedance = (E 2 /2p*P) 

E = effective electric-field magnitude acting on electrons 

/3 = phase constant 

P = average power flow in the slow wave 
A and B are functions of loss, space-charge effects, and departure from synchronism 
of beam and circuit. Limiting values for negligible loss and space charge, and with 
operation in synchronism are A — —9.54, B = 47.3. More complete values are 
given by Pierce 1 and Cutler. 2 Technical applications of the traveling-wave magne- 
tron 3 also seem very promising for power applications, since in this type the beam 
is focused by crossed electric and magnetic fields, and the r-f energy comes from the 
potential energy of the crossed field, and not from an average slowing down of the 
beam. The beam may thereby stay in synchronism with the circuit over a greater 
distance and higher efficiency is expected. 

A special case of traveling-wave interaction, for which the wave on the slow-wave 
circuit has oppositely directed phase and group velocities, was shown by Kompfner 4 
to have practical application in producing amplifiers and oscillators with a wide range 
(one or more octaves) of electric tuning. Warnecke 5 has also described this, giving 
results on backward-wave interaction in crossed electric and magnetic fields (M-type 
Carcinotron), where the higher efficiency of the crossed-field devices was observed. 

Space-charge Waves in Accelerated Streams. The differential equation 6 governing 
small-signal space-charge waves in unidirectional flow for a general d-c velocity 
variation v (z) is 

,» + 7 '( 2 ± + i *A + Ll fe + 2 ± *• _ *) = Zt«l± E (5b . 216) 
\ vq vo dz / \e v v 3 vo 2 dz v 2 / v z 

where I\ = a-c density 
Jo = d-c density 

t\ = electronic charge-to-mass ratio 
E — impressed a-c electric field 
Primes denote derivatives with distance z. 

The case studied in greatest detail 7 is that for a d-c potential distribution corre- 
sponding to that consistent with the d-c space-charge effects in the stream. The most 
useful form of the relations between first-order a-c quantities is that given by Llewellyn 
and Peterson. 8 

1 "Traveling-wave Tubes," D. Van Nostrand Company, Inc., New York, 1950. 
* C. C. Cutler, Proc. Ji2# 39, 914 (1951). 

3 Warnecke, Kleen, Lerbs, Doehler, and Huber, loc. cit. 

4 R. Kompfner and N. T. Williams, Proc. IRE 41, 1602 (1953). 

5 R. Warnecke, Ann. radioelec. compagn. /rang, assoc. T.S.F. 9, 286 (1954). 

6 L. D. Smullin, J. Appl. Phys. 22, 1496 (1951). 

7 W. E. Benham, Phil. Mag. 5, 641 (1928); J. Muller, Hochfreq. u. Elek. 41, 156 (1933); 
F, B. Llewellyn, Bell System Tech. J. 14, 1632 (1935). 

s F. B. Llewellyn and L. C. Peterson, Proc. IRE 32, 144 (1944). 
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General Equations for a Parallel-plane Region 

V b - V a = A*I + B*q a + C*v a 

q b = D*I + E*q a + F*v a (5b-217) 

Vb = G*I + H *q a + I*v a 

where Vb — V a = first-order a-c voltage between a and b planes 
I = first-order a-c density- 
go = first-order alternating convection current at a plane 
q b = first-order alternating convection current at b plane 
v a = first-order a-c velocity at a plane 
v b = first-order a-c velocity at b plane 

The Constants in the Above Equations 

,..^ + -?i[.-$(.-f)] 

£* = - ^ [Ua(P - (3Q) -UbP + f(tt a + lfc)P] 
€ /3 d 



P 



C* = - ^ 2{(Ua + U h ) j- 



D * = 2r ( "«+"» ^ - 

E* =- [u b - t(u a + u b )] e-P 

u b 

7] 1 2 \ Wfe / 

G* = — ^- K(P - fiQ) -UaP + r(^a + tft)P] 
€ 0* W& 

/* = - [u a - r(wa + u b )]e-e 

u b 



where P = 1 - (1 + 0)e-0 = p*/2 - 0«/3 + 4 /8 + • • • 
Q = 1 _ e -e = - £2/2 + ^a/e _ 04/24 + • • • 
£=2-/3- (2 + /3)e~^ = — /8 3 /6 + 4 /12 - £ 5 /40 + /3 6 /180 + . 
= JO = jcoT 7 

D-C Equations 

Limiting current density: 

7„=2.33X10-e [(y ^ + (F ^ 13 

Definition of space-charge factor: 

v. 
Transit time: T = 



i -r/3 



where To = ; = transit time in absence of space charge 

U a + Ub 

D-C velocity: u = (2tiVd)i 

Distance equation: x = I 1 — ~J (u a -f u b ) % 
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where i\ = e/m = 1.76 X 10 11 coulombs /kg 
Id = density of direct current 
e = 1/(36V X 10 9 ) farads/m 
Vd = d-c potential 
v /e = 2 X 10 22 
Space-charge Waves of Noise. Shot-noise fluctuations 1 at the cathode excite space- 
charge waves of noise in an electron beam, as observed experimentally by Cutler and 
Quate. 2 The ratio of maximum to minimum noise amplitude in the noise waves may 
be modified by "space-charge-wave transducer s," 3 such as jumps in d-c velocity, to 
minimize noise figures of practical electron tubes. The absolute minimum that may 
be obtained 4 will depend upon the degree of correlation between velocity and current 
fluctuations in the beam passing the potential minimum. 

Energy Relations in Space-charge Waves. Tonks 5 displayed a form of the Poynting 
theorem suitable for regions containing electric charges having a single-valued velocity 
function v(x,y,z). 

/ s (EXH). rf S + |/J[E.D+H.B]^ + |/ r ^ d F 

+ Is ^T nY ' dS = ° < 5b - 218 ) 

n(x,y,z) = volume density of particles of mass m 

The first term represents the usual Poynting flow of electromagnetic energy out of 
the surface surrounding the region, the second the rate of change of stored energy in the 
electromagnetic field, the third the rate of change of kinetic energy within the region, 
and the fourth the net kinetic power flow through the surface. Gabor 6 has studied 
applications to electronic devices. 

The complex form 7 of the above appropriate to the first-order a-c solution in one- 
dimensional space-charge waves is 

f s (E, X H?) • dS + jo, J y [mH! • H? - dJx • E?] dV+1? f y povt • v? dV 

+ [ t . [Udzi)i*(z2) - tfi(zi)»?(zi)] dS = (5b-219) 

J cross section y 

where Ui = — 

v 

Vo = d-c velocity 

Vi = a-c velocity 

i\ — a-c density 

po = d-c charge density 
The real part of \V\i\ thus represents the average of the a-c kinetic power flow across 
a cross section. 

6b-14. Circuit Theory. Basis of Circuit Theory. The basic circuit problem is the 
special case of the electromagnetic-field problem with currents flowing in nearly 
filamentary paths, and the field interaction largely localized. Thus the field analysis 
of the various parts may be made separately to obtain macroscopic parameters to be 

1 W. Schottky, Physik. Z. 15, 526 (1914) ; A. J. Rack, Bell System Tech. J. 17, 592 (1938) 

2 C. C. Cutler and C. F. Quate, Phys. Rev. 80, 875 (1950). 

3 D. A. Watkins, Proc. IRE 40, 65 (1952); R. W. Peter, RCA Rev. 13, 345 (1952). 

4 J. R. Pierce, J. Appl. Phys. 25, 931 (1954). 
6 L. Tonks, Phys. Rev. 54, 863 (1938). 

6 D. Gabor, J. Inst. Elec. Engrs. {London) 91:3, 178 (1944). 

7 J. R. Pierce, Bell System Tech. J. 33, 1343 (1954) ; originally given by L. J. Chu in 
unpublished work. 




5-80 ELECTRICITY AND MAGNETISM 

combined according to certain rules (called the network equations) in order to obtain 
the over-all behavior of the system. 

In the topological form of a typical circuit or network (Fig. 5b-12) a junction of cur- 
rent paths (as a) is called a node or branch point; the path between two nodes (as ab) is 
called a branch; a complete closed path taken along various branches (as abcda) is 
called a mesh; a pair of terminals across which voltage may be applied or input current 
measured (as aa f ) is called a terminal pair. 

Kirchhoff's two laws form the basis of circuit theory: 

1. The algebraic sum of the currents meeting at a junction is zero. 

2. In any closed-circuit path the algebraic sum of applied and induced voltages is zero. 

For stationary current flow, the first 

^q--»I a t ^ Kirchhoff law expresses the continuity of 

current, and the second law the conserva- 
tive property of a stationary electric field. 
For systems with time-varying currents, 
the basis of the two laws lies in Maxwell's 
equations. The first law is correct if 
total current, displacement plus convec- 
tion or conduction current, is used, and 
^^■^^ / / the basis is the continuity of this total 

current. The second law is correct if the 
applied and induced voltages are inter- 
"° preted by the following equation, ob- 

Fig. 5b-12. A typical circuit or network. tained by mtegrating the vector-potential 

form of the field equations (see Sec. 5b-8) about a circuit path following surfaces of 
conductors: 1 

/ i 2 E„. (fl -/ i 2 i- d l-/ 1 2 ^- (fl -/ 1 2 V^>l=0 (5b-220) 

The terms may be considered as follows: the first an applied voltage about the path 
produced by an applied electric-field vector E ; the second an induced voltage from 
ohmic and internal-inductance effects within the conductor; the third an induced 
voltage arising primarily from magnetic effects of the circuit; the fourth an induced 
voltage arising primarily from electric charges of the circuit. 

To apply Eq. (5b-220) in general, it is necessary to have a solution of the field 
problem in order to perform the indicated integrations. The last two terms, in the 
general case, will contribute to radiation fields (see Sec. 5b-12) as well as local fields. 
However, the great usefulness of the approach, as indicated in the first paragraph, 
comes when fields may be considered as localized and individual parts of the circuit 
considered separately. Equation (5b-220) may then be written for current as a 
function of time, I(t), in a single-mesh circuit with applied voltage Vo(t), 

Vo(t)~RI(t)-L^-i^I(r)dr^O (5b-221) 

R - P4 (5b-222) 

where A = cross-sectional area of conductor (not skin eflect) 

L = - [ A • d\ = magnetic flux enclosed per unit current (5b-223) 

q = ..fo "~ ^ = scalar-potential difference per unit charge (5b-224) 

X 7WdT 

i J. R. Carson, Bell System Tech. J. 6, 1 (1927). 
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R, L, and C are resistance, inductance, and capacitance coefficients, respectively. In 
the approximation of localized fields and negligible retardation effects, capacitance and 
inductance are the same as the coefficients denned for the electrostatic and magneto- 
static cases, respectively, so that the extensive formulas and curves of Sees. 5b-l to 
5b-4 may be used for these. The resistance coefficient is modified from the low- 
frequency value by skin effect (see Sec. 5b-15). 

Couplings to other parts of the system may also be included in the circuit approach 
by means of mutual resistances, inductances, and capacitances when the couplings 
are localized. For the ith current in a system of N currents, 



N 

■I 



£ [&,!, + Li,& +± j* 7,(r) *■] =0 (5b-225) 

' — 1 

Equation (5b-225) may be applied to a mesh, provided that the currents of the system 
are mesh currents, or to a branch, provided that the currents are branch currents. 

Steady-state Sinusoids: N -Terminal-pair Networks. If steady-state sinusoidal 
voltages and currents are represented by the complex phasors V and / where 

V(t) - Re fe''»* 
and I(t) = Re I &<**, Eq. (5b-225) may be written 

, . N 

V< ~ 2, Zi J* = ° (5b-226) 

where .'^/(«) - Rii +3WLii - (wfty)" 1 ] (5b-227) 

Some network theorems of importance are: 1 

1. Superposition Theorem. The current that flows in a linear network, or the potential 
difference that exists between any two. points in such a network, resulting from the simul- 
taneous application of a number of voltages distributed in any manner whatsoever through- 
out the network is the sum of the component currents at the firat point (or the component 
potential differences between the two points) that would be caused by the individual voltages 
acting separately. 

2. Reciprocity Theorem. In any network composed of linear impedances, if an 
electromotive force E applied between two terminals produces a current I at some branch 
in the network, then the same voltage E acting at the second point in the circuit will produce 
the same current I at the first point. 

3. Thevenin's Theorem. Any linear network containing one or more sources of voltage 
and having two terminals behaves, in so far as a load impedance connected across the 
terminals is concerned, as though the network and its generators were equivalent to a simple 
generator having an internal impedance Z and a generated voltage E, where E is the 
voltage that appears across the terminals when no load impedance is connected and Z is the 
impedance that is measured between the terminals when all sources of voltage in the network 
are short-circuited. 2 

4. Compensation Theorem. If an impedance AZ is inserted in a branch of a network, 
the resulting current increment produced at any point in the network is equal to the current 
that would be produced at that point by a compensating voltage acting in series with the 

r 1 F xt K ^ rn ? an ;^? adi ° En g ineers ' Handbook," p. 198, McGraw-Hill Book Company, 
Inc., New York, 1943. . * y ' 

-"■When the sources of energy in the network are constant-current generators, instead 
of constant-voltage generators, the internal impedance Z is the impedance observed 
between the terminals when all constant-current generators are open-circuited. 
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modified branch, whose value is -lAZ, where I is the original current that flowed where 
the impedance was inserted before the insertion was made. 

The form of Eq. (5b-226) also applies to the N terminal pairs of a network and 
represents a set of N linear equations relating the N terminal voltages to the N cur- 
rents at those terminals. Sign convention is as in Fig. 5b-12. Solving (5b-226) for 
the currents gives an alternative form in terms of the admittance parameters. 

J. _ y.YuV, -.0 (5b-228) 

i-i 

, v = Mji (5b-229) 

where **, - det z ^ J 

det Z =a determinant of Zu coefficients 
Ma = cofactor of Za in the above determinant 

Another form useful for networks to be connected to transmission lines or waveguides 
at the N terminals is in terms of the scattering matrix coefficients: 1 

N 
hi _ V Sua, - (5b-230) 

where * - JZoT*(f < + ZM (5b-231) 

bi = iZtcKVi - Z«Ii) (ob-232) 

Z oi is a normalization parameter, usually taken as the characteristic impedance of 
the transmission system to be joined to the ith terminal pair, so that at and 6< repre- 
sent, respectively, incident and reflected voltage amplitudes in the ith transmission 
system. In matrix form 

[S] - ([Z] - [U])([Z] + [U])- 1 (5b-233) 

where [U] = unit matrix. 

One-terminal-pair Networks. For a one-terminal-pair, passive, linear network, the 
input-impedance function ZM = BM + 3 X (<») has these properties for real «: 

1. RM > ° (equality holds only for loss-free networks). 

2. RM is even function of <a. 

3. XM is ocl <i function of w. 

4. X is positive if time-average stored energy in magnetic fields is greater than that 
in electric field, negative if stored energy in electric field is greater, and zero (resonant) 
if the two stored energies have equal time averages. 

5. If R = 0, dX/dw > 0. . 
Real and imaginary parts of the admittance function YM - Z 1 have identical 

properties to real and imaginary parts, respectively, of the impedance function. 

Considered as function of a complex variable, Z(/r + ja) or Y(? + j«) have no singu- 
larities but simple poles, and all poles and zeros lie in the negative half plane, a < 0. 
Since Z is meromorphic, by the Mittag-Leffler theorem, it may be expanded in 
"partial fractions." 2 

n=l 

i C G Montgomery, R. H. Dicke, and E. M. Purcell, "Principles of Microwave Cir- 
cuits,'' MIT Radiation Laboratory Series, vol. 8, p. 146, McGraw-Hill Book Company, Inc., 
New' York, 1948. 

2 S. A. Schelkunoff, Proc. IRE 32, 83 (1944). 
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where <o n = nth pole of Z(<a) 

a n = residue at the nth pole = 

a — residue at w = 

If Eq. (5b-234) is not convergent, or is slowly convergent, a convergence factor may 
be added. 

00 

ZM = j»U + j* + ^ 9««. [^r^i + i] (5b-235) 

n = 1 

A similar expression applies to Y(a>) in terms of its poles and residues. 

L, L 2 



°0 ' Loo 

o— -j| — innp- 



~Q — Q— • 



c 2 




Fig. 5b-13. Canonical Foster forms for lossless one-terminal pairs. 

If no convergence term is needed, as in (5b-234), the circuit may be interpreted for 
the loss-free case in terms of the first Foster canonical 
form 1 (Fig. 5b-13a) ; the similar expression for admittance 
Y leads to the second Foster form 1 (Fig. 5b-136); if one 
convergence term is retained in Eq. (5b-235), the equiva- 
lent circuit 2 is as in Fig. 5b-14 and conyergence is faster. 
The first and second canonical Cauer forms 3 (Figs. 
5b-15a,6) are obtained by continued fraction expansion of 
Z and Y, respectively. 

Two-terminal-pair Networks. The most important 
class of linear networks is the two-terminal-pair network, 
sometimes called four-terminal network, quadripole, or 
transducer (Fig. 5b-16). Either the form (5b-226) or (5b-228) or (5b-230) may be used, 




Fig. 5b-14. Equivalent 
circuit for one-terminal 
pair with rapid con- 
vergence. 







c 2 



L| 



«-2$ 



(a) (b) 

Fig. 5b-15. Canonical Cauer forms for lossless one-terminal pairs. 

or a number of other forms. 4 Of these, the most useful for cascaded networks are the 
transfer parameters. 

1 R. M. Foster, Bell System Tech. J. 3, 259 (1924). 

2 Schelkunoff, loc. cit. 

3 Cauer, Arch. Elektrotech. 17, 355 (1927). 

4 E. Guillemin, "Communication Networks," vol. II, John Wiley & Sons, Inc., New 
York, 1935. 
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AD — BC = 1 for a network satisfying reciprocity 
A — ^ 22 _ ^11 

Fl2 ^12 

R = _ _L det z 

det F = J_ 
D = _£i =|?? (5b-237) 

J 12 Zl2 

Input impedance Z» in terms of load impedance Zl is 

*-*«-s^-^rl (5b - 238) 

Similarly for admittances 

^-^-wirYi-MvH (5b " 239) 

Input reflection coefficient in terms of output reflection coefficient is 

r - s " + (l/T§^ (5b " 240) 

1 1 = I 2 — T- 

Another common formulation utilizes image impedances and transfer functions 

Zil = Y|liy Zi2 = (Q* = cosh-i (Fn^ii)i (5b-241) 

In terms of these parameters, the insertion loss, or ratio of current through receiver 
after quadripole is inserted between source and receiver to current through receiver 
before quadripole is inserted, is 

I2 _ (Zr "J~ Z»)(ZnZj2)l: (5b-242) 

ho " (Z 8 Zi 2 4- ZrZh) cosh 6 + (ZrZs + ZnZa). sinh 

Z s is source impedance and Zr receiver impedance. 

Many two-terminal pairs are used as niters, to pass signals over a desired frequency 

range with little attenuation, while giving 
v t large attenuations to signals outside the 

*' -* -J ' J ^ desired range. The classical constant-fc filters 

I Vg for low-pass, high-pass, bandpass, and band- 
elimination filters 1 are pictured in Table 5b-7. 



l n2 



Fio. 5b-16. Two-terminal pair. Lower reflection loss and more rapid attenua- 

tion increase outside the pass band are obtained 
by adding half sections of m-derived 2 filters at each end. The corresponding 
ra-derived sections are also pictured in Table 5b-7. 

The lattice network in Fig. 5b-l7 gives more flexibility in achieving desired response 
characteristics. It is the most general symmetrical two-terminal pair in the sense 

1 O. J. Zobel, Bell System Tech. J. 2, 1 (1923) ; T. E. Shea, •" Transmission Networks and 
Wave Filters," D. Van Nostrand -$ Company, Ine;; New York, 1939. 

2 O. J. Zobel, Bell System Tech. J. 10, 2&4 (1931). 
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that if a symmetrical two-terminal-pair reactive network is realizable at all, it is realizable 
in the lattice form. Image impedance and transfer constants are 



Zn = Z12 = (Z a Zb)% 



X = 2 tanh" 1 



(iy 



(5b-243) 




Lattice net- 



Thus for purely reactive elements, pass bands occur when Z a and Z b are of opposite 
sign, and attenuation bands when Z a and Zb are of like 
sign. Attenuation is infinite when Z a = Z b . 

The approximation problem in network synthesis is to 
arrive at physically realizable Z a and Zb to give response 
curves agreeing with the desired curves within certain 
specified tolerances. The errors may be either oscilla- 
tory 1 or monotonic. 2 Potential-analogue methods are 
also useful in the approximation problem. 3 

5b-16. Skin Effect. Definition of the Effect. An applied high-frequency field near 
the surface of a conductor causes current to concentrate on the surface near the 
applied field, the decay into the conductor being approximately exponential. This 
concentration increases as frequency, conductivity, or permeability increases. The 
result is an increased resistance and decreased internal inductance at frequencies for 
which the effect is significant. The localized joule heating which results causes little 
temperature gradient throughout the conductor because of the high thermal con- 
ductivity of the metal. The current changes in phase as well as in magnitude as one 
progresses into the conductor. 

The results given neglect displacement current within the conductors, an assump- 
tion well justified for good conductors, but results should consequently not be used for 
materials with appreciable dielectric losses. 

Steady-state Formulas for a Plane Solid. For a plane semi-infinite solid extending 
from x = to x = oo and with an applied field E in the z direction at re =0, current 
density varies with depth a; as 



J z = <r^ e _a!/8 6-^/ 5 amp/m 2 
5, the skin depth or depth of penetration, is defined as 

The surface impedance Z 8 is the ratio of (complex) applied electric field at the surface 
to (complex) current flow per unit width. It is found to be 



(5b-244) 



(5b-245) 



Zt ~ T = (1 + j)Ra 

where R a> the surface resistivity, is 

R 8 — -j. = ("o") ohms /square 

Power loss per unit area is 

Pl = -§■#.!' • J'* watts/m 2 



(5b-246) 



(5b-247) 



(5b-248) 

1 Cauer, Siebachaltungen V.D.I. Verlag, 1931; Cauer, Z. angew. Math. Mech. 10, 425 
(1930), 

2 H. W. Bode, J. Math. Phys. 13, 275 (1934). 

3 W. W. Hansen and O. C. Lundstrum, Proc. IRE 33, 528 (1945). 
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ELECTRICITY AND MAGNETISM 



In terms of the surface magnetic intensity H and a unit vector n normal to the 
surface, current per unit width is 

J - n X H (5b-249) 

Formulas for 5 and R, as functions of frequency are given for several common materials 
in Table 5b-8. 

Table 5b-8. Skin-effect Quantities for Conductors 



Metal 



Aluminum 

Brass (65.8 Cu, 34.2 Zn) . 
Brass (90.9 Cu, 9.1 Zn).. 

Graphite 

Chromium 

Copper 

Gold 

Lead. . . 

Magnesium 

Mercury . . . 

Nickel 

Phosphor bronze *. 

Platinum 

Silver 

Tin 

Tungsten 

Zinc 

Magnetic iron 

Permalloy (78.5 Ni, 21.5 

Fe) 

Supermalloy (5 Mo, 79 

Ni, 16 Fe) 

Mumetal (75 Ni, 2 Cr, 5 

Cu, 18 Fe) 



Resistivity* 
(ohm-m)lO 8 



2.828 
6.29t 
3.65f 
1,000 
2.6t 
1.724 
2.22f 

22 
4.6 

95. 8f 
7.8 
7.75f 
9.83f 
1.629 

11.5 
5.51 
5.38f 

10 

16 
60 
62 



Relative* 

permeability 

at 0.002 

weber/m 2 



100 



200 



8,000 



10 5 



20,000 



8 s/v 

8 = depth of 

penetration, 

m, v = 

frequency, cps 



0.085 
0.126 
0.096 
1.592 
0.081 
0.066 
0.075 
0.236 
0.108 
0.493 
0.014 
0.140 
0.158 
0.064 
0.171 
0.118 
0.117 
0.011 

0.0022 

0.0012 

0.0029 



10 7 R 8 /Vv 

R s = surface 

resistivity, 

ohms/m 2 



3.33 
4.99 
3.79 

62.81 
3.21 
2.61 
2.96 
9.32 
4.26 

19.43 

55.71 
5.54 
6.22 
2 55 
6.73 
4.67 
4.60 

90,9 

727 



4,880 
2,140 



* Values from Pender and Mcllwain, " Eleetrical Engineers' Handbook," 4th ed., John Wiley & Sons, 
Inc., New York, 1950. 

t Values at 0°C; others at 20°C. 

Formulas for a Solid Round Wire. For a solid round conductor of radius a with 
applied axial electric field E at the surface, current density at radius r is 



J z = <tEq 



Ber (V2 r/8) + j Bei (Vg 
Ber (V2a/8) + j Bei (a/2 



r/8) l 
a/5) J 



amp/m 2 (5b-250) 



where Ber and Bei 1 are Bessel functions. 

Ber x + j Bei x = Jo(j~*x) 

i Defined by Lord Kelvin and tabulated in H. B. Dwight, " Tables of Integrals,'' rev. ed., 
The Macmillan Company, New York, 1947; or McLachlan, "Bessel Functions for Engi- 
neers," Oxford University Press, New York, 1934. 
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Internal impedance (resistance and internal reactance) per unit length is 



Zi = R + ju>Li 



jR t 

V2 



jRs [" Ber (V5 q/5) + j Bei (a/2 a/8) ~| 
'2 air [Ber' (a/2 a/5) + j Bei' (V2 a/5) J 



ohm/m (5b-251) 



where Ber' a; + j Bei' # = d(Ber x -\- j Bei x)/dx is also tabulated. A low-frequency 

approximation to Eq. (5b-251) valid for 

a/5 < 1 is 4 -0 



*-U['+i(0'] + 'e} 

ohm/m (5b-252) 

A high-frequency approximation to Eq. 
(5b-251) valid for a/5 > 10 is 

Zi « (1 + j) g~ ohm/m (5b-253) 
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Curves of R/Rq, a>Li/R„ and Li/(Li)o 
are given in Fig. 5b-18 as functions of a/5. 
Ro is d-c resistance and (L<) the internal FlQ> 5b _ 18 . Skin effects for solid round 
inductance at zero frequency, conductors. 
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a/8, RATIO OF RADIUS TO DEPTH 

OF PENETRATION 



Ro = — =- ohm/m 



(Mi 



87T 



henrys/m 



Tubular Conductor. For a tubular conducting cylinder of internal radius b and 
external radius a, and with an applied field at the external radius, impedance per unit 
length is 

'(Tb) - j' (Tb)H Q « 






(n> - J' (Tb)H ( 



,<»(ro) i 



ohms/m (5b-254) 



where T 7 is the complex quantity (— j«/«r)i. The real and imaginary parts of the first 
Hankel function # (1) of complex argument (j~\x) are given in Jahnke and Emde. 1 
Note that 

Ht>W(x) =£f (1) (x) = -H^(x) 

If the applied field is at the inner radius (as when the tubular conductor is used as the 
outer conductor of a coaxial transmission system), interchange a and b in Eq. (5b-254). 
For a thin-walled tubular conductor 2 with thickness d = a — b, an approximation 
to Eq. (5b-254) is 

sinh (2d/5) -f- sin (2d/8)~ 



T Rs 
wLi = %Ta 



_cosh (2d/5) - cos (2d/5) 
sinh (2d/5) - sin (2d/5) 
cosh (2d/5) - cos (2d/5)_ 



ohm/m 
ohm/m 



(5b-255) 
(5b-256) 



Figure 5b-19 shows R/R Q and coL»/JK as functions of d/5 where R is d-c resistance, 
R -i = x ( a 2 - b 2 )<r. 

1 Jahnke and Emde, "Tables of Functions," Dover Publications, New York, 1945. 

2 More complete curves for the thick-walled tubular conductor are given in H. B. 
Dwight, A Precise Method of Calculating Skin Effect on Isolated Tubes, J. Am. Inst. 
Elec. Engrs. 42, 827 (August, 1923). 
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Conductors of Other Shapes. 
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Fig. 5b-19. Skm*effect resistance and reac- 
tance for thin- walled tubular conductors. 



For a conductor of arbitrary shape, solution of 
the following equation yields current 
distribution 

V 2 .? = jwfxaJ (5b-257) 

with boundary conditions at the surface 
of n ■• J = and j — <rE where E is the 
applied field at the surface. Solutions are 
not available for many shapes. Figure 
5b-20 shows resistance compared with d-c 
resistance for a conducting cylinder of 
rectangular cross section 1 determined 
mostly by experimental methods. 

For any conductor at frequencies high 
enough so that thickness and all radii of 
curvature are large compared with skin 
depth defined by Eq. (5b-245), the planar 
analysis may be used as a good approxima- 
tion. Internal impedance (resistance and 
internal reactance) for a length I and width 
w over which fields are uniform are then 



z~a+j)^ 



ohms 



(5b-258) 



For a given surface magnetic field, power loss per unit area may then be found approxi- 
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Fig. 5b-20. A-C resistance of rectangular conductors. [From Terman, "Radio Engineer's 
Handbook" p. 43, McGraw-Hill Book Company, Inc.: New York, 1943, as extended from 
data of S. J. Haefner, Proc. IRE 25, 434 (April, 1937).] 

mately by Eqs. (5b-248) and (5b-249). A very general method of determining the 
skin resistance of certain polygons has been given by Wheeler. 2 

Similitude is useful in the study of skin effect in arbitrarily shaped conductors. If 

1 S. J. Haefner, Alternating Current Resistance of Rectangular Conductors, Proc. IRE 
25, 434 (April, 1937). 

2 H. A. Wheeler, Skin Resistance of a Transmission-line Conductor of Polygon Cross 
Section, Proc. IRE 43, 805 (July, 1955). 
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two systems are geometrically similar, distribution of currents in the two systems will 
be similar, provided that linear dimensions are in the same ratio as skin depth for the 
materials of the two systems. Imped- 
ance of the two systems will then be 
inversely as the ratio of linear dimen- 
sions. Tests made on a small system 
at high frequencies may then be used to 
predict results for a large system at 
lower frequencies. 

Coated and Laminated Conductors. If 
a coating of one conducting material is 
placed on another material, resistance 
and internal reactance will be nearly the 
same as for a solid of the coating 
material, provided that coating thick- 
ness is large compared with 8 for that 
material; resistance and internal react- 
ance will be nearly the same as for a 
solid of the base material if coating 

thickness is very small compared with 8 for the coating material. For a semi-infinite 
solid of constants <r 2 , mz coated with a sheet of depth d of a material with constants a lt 
mi, internal impedance for the general thickness is 

Z = (1 + i)R i sinh [(l +i)d/5j + (R«/R n ) cosh[(l + j)d/8 1 ]\ 
* V ^ J) '\ I cosh [(1 + j)d/6t] + (R n /R 9l ) sinh [(1 +j)d/8 1 ]f 
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Fig. 5b-21. Skin-effect resistance and reactance 
for coated conductor with VM20"i//ii<T2 = 0.34. 



ohms/m 

(5b-259) 



Surface resistivity R, and skin depth 8 are as defined in Eqs. (5b-245) and (5b-247). 
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Figure 5b-21 shows the way in which 
resistance and internal reactance vary 
with d/8i for a particular case of the 
coating of a poorer high-frequency con- 
ductor than the base, R, 2 /R 8l = 0.34; 
Fig. 5b-22 shows curves for the particular 
case of R 8 JR Sl = 1.6, the coating being 
the better high-frequency conductor. 

An important use of laminated con- 
ductor interspersed with insulating layers 
to produce more efficient use of the 
current-carrying cross section has been 
given by Clogston. 1 

Transient Penetration in the Plane Solid. 
If a constant magnetic field H is sud- 
denly applied at time t = to the surface 
of a semi-infinite plane solid, field at depth x, time t > is 

H(x,t) = Ho [l - er/(| ^)] amp/m (5b-260) 

If the applied field increases linearly with time, #(0,0 = Ct for t > 0, 

Universal curves of H(z,t) /H (0,t) are given in Fig. 5b-23 for the two cases. 
1 A. M. Clogston, Bell System Tech. J. 30, 491 (1951). 
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Fig. 5b-22. Skin-effect resistance and react- 

ance for coated conductors with \/ hxti/ukti 
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Thin-sheet Shielding Formulas. 1 The shielding effect on both transient and steady- 
state time-varying fields of plane, spherical, or cylindrical conducting sheets of area 
resistivity <r whose thickness is small compared with the skin depth and with other 
dimensions involved which in turn are small compared with a wavelength are given by 
formulas mostly due to Maxwell. 

infinite plane sheet: The shielding is independent of the position of the sheet 
which is at z = 0. Let the vector potential of the source, located in the region of 
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Fig 5b-23. Penetration of pulsed fields into a conductor, x = depth fron surface, m; 
t = time, sec; a = conductivity, mhos/m; ju = permeability, henrys/m. {From J. K. 
Whinnery, General Electric Co. Data Folder 46217, Oct. 20, 1942). 

positive z, be given without the sheet by f(t,x,y,z). After the sheet is introduced the 
vector potential in the region of negative z is given by 

A^^^i'f(t-r, X ,y,z-^r)dr (5b-262) 

Hv dZ J0 \ Pv / 

The instantaneous rate of dissipation of energy in the sheet is 

*-*/:./:. bk /."'•(* -*•"" --SO*]!-.** (5b - 263) 

where / is the component of / parallel to the sheet, 
i Material supplied by W. R. Smythe. 
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spherical shell: Let the vector potential at r = a without the shell due to an 
axially symmetrical field be 2C«P n i(cos 0)f n (f). After the shell is placed at r = a, the 
vector potential inside due to external sources is 

A * * ~ w Z, (2n + ^"""^^iV (cos 0) | o °° / n .(* - r ) e -( 2 n + iw,v rf T (5b-264) 

The vector potential outside due to internal sources is the same but with (a/r) n+1 
substituted for (r/a)\ The instantaneous energy-dissipation rate in the shell is 

P = ~^a 2 n(n + 1)(2n + V c ** [I / °° /« - t)it<w/m- drj (5b-265) 

cylindrical shell: Let the vector potential at P = a without the shell of sources 
which consist of currents parallel to the z axis be 

2<7„ cos (n<j> + ««)/»(<) 
When the shell is placed at P = a, the vector potential inside due to external sources h 

Az = ~ ~y^a Li npn<l ~ nCn cos ^ + <*nX / °° f n (t - T )e- 2n ° T /»v" dr (5b-266) 

The vector potential outside due to internal sources is given by writing a/ P for p/a. 
The instantaneous rate of energy dissipation per unit length is given by 

P = S 2 n2 ° n2 [ft jo f(t - T)e-* n ° T/ »« a drj (5b-267) 

eddy-current heating of sphere: When the wavelength is very long compared 
with the radius a of a sphere of conductivity a and relative permeability K m = M / Mt , 
which is placed in a uniform alternating magnetic field of flux density B and angular 
frequency «, the rate of energy dissipation is 

3ira&co*K m 2 <r[l/2u(S + s) - C + c]B* 
U*[(pa* + 1)C + (pa* - l)c - u(S + s)] + Upa*u(S - s) + p*a*{C - c) < 5b - 268 ) 

where U = K m - 1, p = <r M co, w = (2p)*a, £ = sinh u, C = cosh w, s = sin u, and 
c = cos w. Note that, when the relative permeability is one, all the terms in the 
denominator except the last vanish. 

SOME SOLID-STATE FORMULAS 

5b-16. Electrical Conductivity. In a solid where ohmic conduction occurs, the 
current density J is given by 

J = <rE 

where a is the conductivity and E the applied electric field. In a homogeneous 
isothermal crystal <r is a tensor having the symmetry of the crystal. The current 
density may be written as 

J = nev D 

where n is the density of charge carriers and v D is their drift velocity. The drift velocity 
depends on the distribution function assumed for dynamic equilibrium 1 

1 See ref. I, chap. IV, also ref. II. General references, given at the end of this section, 
are designated by roman numerals. 
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Metals (Free-electron Theory) 

= 4 ne'X Maxwell-Boltzmann statistics (5b-269) 

3 (2irrafcjP)§ 

a- = "**K W '2 Fermi-Dirac statistics (5b-270) 

mviWi) 

m is the electronic mass, k the Boltzmann constant, X is the mean free path of the 
electrons, \(Wf) is a function of the Fermi energy, and v(W F ) is the velocity of the 
electrons near the Fermi level 

where WV - ^ (V»)» = gj (^) 

Equation (5b-269) gives the correct magnitude of the conductivity at room tempera- 
ture if X is taken as the interatomic distance; however, the temperature dependence is 
not T- 1 as is found by experiment. Equation (5b-270) requires that \(W F ) be 10 to 
100 times the interatomic distance to match room-temperature data and approach 
infinity as T -> 0. An empirical relation given by Griineisen 1 

= i = AT h 



i - AT 5 [ 
<r Jo 



gives the proper temperature dependence for some simple metals. 2 

Semiconductors. When electrons (see Sec. 5e) are the only charge carriers 

a-^-ne^ (5b-271) 

where n is the density of electrons in the conduction band and M « = »d/E is the 
mobility of the electrons. The drift velocity is frequently written 

vp=-^E 

where t is mean free time. In terms of t 

Win 
_ ne2rn 

and an ~ mn 

If holes are the only charge carriers, 

ye 2 T p (5b-272) 

where p is the density of the holes in the valence band and M p is the hole mobility. In 
a mixed semiconductor (electrons and holes) 

a = e(n M « + PMp) (5b-273) 

The values of n, p, and M depend on both the model used and the temperature.* At 

i E. Griineisen, Ann. Physik 16, 530 (1933). , ■ • ■ 

2 For a detailed discussion of the conductivity in metals see ref. I, chap. XV, refs. 11, 
III, and J. Bardeen, J. Appl. Phys. 11, 88 (1940). 

3 See ref. VI, chap. 11. 
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temperatures for which the Fermi-Dirac statistics can be replaced by the classical 
case, i.e., 



'>© 



Skm 



Equation (5b-269) may be used for <r in Eqs. (5b-271), (5b-272), and (5b-273) with the 
proper substitution for n and X. 

Electron Conduction (n Type) Hole Conduction (p Type) 

__ 4 ne 2 \ n _ 4 pe 2 \ 

3 (2*m n kT)h * ~ 3 {2*m v kT)\ (5b ' 274) 

/orac Conductors. Ionic conductivity, in most cases (see Sec. 5f-6), at high tem- 
peratures can be represented by 

* - -^r «-*/** = il«-*/w (5b-275) 

The factor A, derived by Einstein, 1 is the contribution to the conductivity from 
electrolytic migration of a given atom. N is the number of diffusing atoms per cubic 
centimeter, D is the diffusion coefficient in zero field, and W is the activation energy 
which depends on the transport mechanism involved in the conduction. 

6b-17. Thermoelectric, Thermomagnetic, and Galvanomagnetic Effects. Thermi- 
onic Emission. The current density of electrons emitted from a metal at a tem- 
perature T is 

J" - AT\l - r)e-*w exp (- y/Ee*/kT) (5b-276) 

where A -4*me&/h* - 120 amp/cm 2 /deg 2 , r is the reflection coefficient representing 
the probability that an electron with sufficient energy to exceed the surface barrier 
will be reflected back, <p is the work function, y/E £ is the maximum potential near 
the surface due to an electric field E at the surface. 

Thompson Coefficient. If a homogeneous conductor carries a current of density 
J x and has a uniform temperature gradient d T/dx, then the heat per second developed 
per unit volume 

dH dT 

— = pJx 2-a T J x — 

The Thompson coefficient 2 is 

*k 2 T ( 1 , 1 d\ \ 
* T= -^e- \W? + X dW?) < 5b " 277 ) 

A knowledge of the mean free path X as a function of the energy is required to evaluate 
*t. For example, Sommerfeld and Frank 3 considered the number of free electrons per 
unit volume to be independent of the temperature and the mean free path of the elec- 
trons independent of their velocity. These assumptions give for metals 

2Tr 2 mk*T\ B 

O rr, = 

T 3eh* 

where Xb is the de Broglie wavelength of those electrons which have the critical 
velocity of the Fermi distribution. Johnson and Lark-Horovitz 4 have calculated the 
Thompson coefficient for a two-carrier model of a semiconductor for the intrinsic, 

194;T SeltZ ' " PhysicS ° f Metals '" P- 183 > McGraw-Hill Book Company, Inc., New York, 

2 See ref. I, p. 179. 

3 A. Sommerfeld and N. H. Frank, Revs. Modern Phys. 3, 1 (1931). 
V. A. Johnson and K. Lark-Horovitz, Phys, Rev. 92, 226 (1953). 
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impurity, and transition ranges. For the intrinsic range 

T d f 2/b(6 - 1) \ . T k(b - 1) d (~E g \ 
* T = ~73T I 6 + 1 I + e 6 + 1 dT\2kTj 

where 6 = aWmp and E g = Eo + «r is the energy gap at the temperature T. 

Absolute Thermoelectric Power. When a temperature gradient is applied to a 
homogeneous electronic conductor in which no electric current flows, a thermal emf e, 
called absolute thermoelectric power, is given by 

e=- e f f (5b-278) 

where £ is the electrochemical potential of the free electrons. For metals 

e= \ T %dT (5b-279) 

Jo T 

When two conductors form a couple and the temperature difference across the junc- 
tions is small, T and T + dT, the thermoelectric power Q is given by 

q = J 'n-'^ dT (5b-280) 

Seebeck Effect. When two metals form a closed circuit through a potentiometer 
(J = 0) and their junctions are maintained at different temperatures 7\ and T 2} a 
Seebeck emf & s results which is given by 

85 . r Ti (ci _ €2 ) dT (5b-281) 

Peltier Effect. When a current / passes through the junction of two conductors, the 
junction will be heated or cooled. When the current is reversed the junction is cooled 
or heated. The heat per second at the junction is 

#12 = ni 2 / 

IIi2 is called the Peltier coefficient (n 2 i == — Hw) 

H 12 = T J * T2 ~ ° Tx dT = T(e 2 - Cl ) (5b-282) 

Isothermal Hall Effect. When a magnetic field is applied to a conductor carrying 
a current density J, an electric field Eh (Hall field) is developed given by the relation 

Eh = RJ X B (5b-283) 

R is called the Hall coefficient. When the current density is in the long direction of 
the sample (J x ) and the field is in the z direction, the Hall coefficient is (see Sec. 5e-2) 

R = _ i- = _ £ (5b-284) 

ne <r 

where n = carriers/m 3 , e - 1.60 X 10 19 coulombs, a* - m 2 /volt sec , and a - 
(ohm-m) -1 . 

The Hall coefficient for a semiconductor depends on the charge carrier involved 

(ntype)fl= -£i (ptype)fi-gi 

8e n »ep (5b-285) 



(mixed) R = - ¥e l inb + p) *] 
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where b = M»//*p. In ferromagnetic materials an effective field 

Heff = H . + 47ra:M 

is substituted for the applied field (see Sec. 5h-12). 

Nernst Effect If a temperature gradient is maintained in an electronic conductor 
(J — 0) in the presence of a transverse magnetic field a transverse electric field 
develops which is given by 

E t = QvT X H (5b-286) 

Q is called the Nernst coefficient. For semiconductors the isothermal Nernst coeffi- 
cient 1 at temperatures high enough for classical statistics to apply is 

(n Type) (p Type) 

0»=-li^n «- = -flf ^ < 5b " 287 > 

Ettingshausen Effect. If a temperature difference is maintained across an electronic 
conductor perpendicular to a current of density J in the presence of a magnetic field, 
a transverse temperature gradient is established. The heat current q = 

V t T =PJXH (5b-288) 

P is called the Ettingshausen coefficient. 

Righi-Leduc Effect. If a difference in temperature is maintained in an electronic 
conductor in the presence of a magnetic field in which J = 0, a transverse temperature 
gradient is established 

V t T = SKXVT (5b-289) 

S is called the Righi-Leduc coefficient. 

Magnetoresistance. The resistance of a metal or semiconductor is altered by the 
presence of a magnetic field. * A calculation 2 of the change in resistance due to the 
application of a magnetic field, based on the free-electron theory, provides the 
expression 

Ap _ BH* 



P i + cm 



(5b-290) 



This expression agrees with the form of the experimentally determined curve of 
Ap/p vs. H, i.e., for low fields CH 2 «; 1 

p 
and for very high fields a saturation is approached 

— = A (const) 
p 

The values of B and C in Eq. (5b-290) do not agree quantitatively, indicating that the 
free-electron theory is too simple. 3 

Cyclotron Resonance of Electrons and Holes. Current carriers in a solid, when 
accelerated by a microwave electric field perpendicular to an externally applied static 

1 For a summary of thermoelectric and galvanomagnetic formulas for semiconductors, 
see E. H. Putley, Proc. Phys. Soc. (London) B68, 22, 35 (1955). 

2 See ref . I, p. 184. 

3 For a more extensive treatment, consult the literature. H. Jones and C. Zener, Proe. 
Roy. Soc. (London) 145, 268 (1934); L. David, Phys. Rev. 56, 93(1939); F. Seitz, Phys. Rev. 
79, 372 (1950) ; C. Herring, Bell System Tech. J. 34, 237 (1955). 
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magnetic field H, will spiral about the magnetic field. Under certain conditions 1 
a resonance absorption is observed when the angular frequency of the electron is related 
to the magnetic field by the cyclotron equation 

cue = ~ (5b-291) 

m*c 

where the + sign refers to the sign of the carrier (+ for holes), m* is the effective mass, 
and c is the velocity of light. The technique provides a direct measurement of the 
effective mass of electrons and holes. 

5b-lS. Types of Magnetism. Diamagnetism. Substances whose magnetic sus- 
ceptibility 

M 

is negative are called diamagnetic. The Langevin-Pauli formula for the diamagnetic 
susceptibility of an atom is (ref . VIII) 

*--$&l? (5b - 292) 

where f 2 is the mean square distance of the electron from the nucleus and the summa- 
tion is over all the electrons in the atom. 

Paramagnetism. Substances whose magnetic susceptibility is positive are called 
paramagnetic. Langevin made a classical statistical analysis of an ensemble of 
dipole moments in thermal equilibrium in a magnetic field. The magnetization is 
given by 

M = NuL (|^) (5b-293) 

where N is the number of atoms per unit volume and ,u is their dipole moment. The 
Langevin function is 

L(a) = coth a 

a 

If fiH <£ kTj the Langevin formula reduces to the Curie law 

*-§*-?. (5b - 294) 

Introduction of the quantum theory into the statistics for atoms with total angular 
momentum quantum number J gives 

M = NgJuBBj. ( S ^ 5 ) (5b-295) 

where g is the Lande factor, /ujb is the Bohr magneton, eh/^mc = —0.927 X 10 -20 
ergs /oersted, and the Brillouin function is 

Bj(x) = 2J coth - — 2j 27 coth 27 (5b-296) 

For x <$C 1 susceptibility becomes 

X = NJ(J + 1) 9 ^f (5b-297) 

Note. The above equations were derived on the assumption that the atoms are 
free and therefore do not in general apply to solids. For details, see ref. VIII. 

* G. Dresselhaus, A. F. Kip, and G. Kittel, Phya. Rev. 98, 368 (1955). 
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Ferromagnetism. Ferromagnetic substances are characterized by the onset of a 
spontaneous magnetization (in a zero applied field) at temperatures for which T < Tc 
where Tc is called the Curie temperature. 

i. weiss molecular field : Consider the magnetic field applied to the dipoles in the 
Langevin function to consist of the applied field plus an internal field which is propor- 
tional to the magnetization. The effective field is 

H, = H a +qM 
The magnetization is 

M = N^(^p^) (5b-298) 

A nonvanishing solution for M exists for H a = when T < T c , where 

Tc = ^3^ (5b-299) 

For T > T c the susceptibility is 

Nfi 2 C 

x = Sk(T - T c ) = T^Te (5b-300) 

This equation is called the Curie- Weiss law. It is usually written 

C 
* T - e 

where 0, called the paramagnetic Curie point, is found by experiment to be slightly 
larger than T e when T » T c (see 5h-13). 

ii. heisenberg exchange coupling: Heisenberg replaces 1 the molecular field 
assumption with the idea that the interaction between a pair of atoms i and j has the 
form 

Va = -2^-S/ (5b-301) 

where S» and S/ are quantum-mechanical spin operators and $ is the exchange energy. 
This problem has not been solved exactly; the most usual approximations are to con- 
sider interactions only between nearest neighbors and to assume that all states of the 
crystal with the same total spin have the same energy. For these approximations, the 
Heisenberg results can be taken over directly from (i) with the following substitutions: 

M— gt i B S m 2 -> 9 2 hb 2 S(S + 1) 
L(x) -* B 8 (x) 

where the z is the number of nearest neighbors of a given atom. These procedures and 
results usually go by the name of "the first Heisenberg approximation." The litera- 
ture (see ref. VIII) should be consulted for information about other approximate 
solutions of the spin-operator problem. The magnetization in this approximation is 

M - gNSn B Bs(x) (5b-302) 

where x = ^ (H + qM) 



The Curie temperature is 
For T > T e 



X = 3k(T - Tc) (5b-304) 



1 W. Heisenberg, Z. Physik 49, 619 (1928). 
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Antiferromagnetism. Antiferromagnetic substances are those in which the mag- 
netic ions can be divided into equivalent sublattices which become spontaneously 
magnetized in an antiparallel arrangement below some temperature T c . The anti- 
parallel alignment occurs because of a large negative exchange integral. Van Vleck 1 
considered two simple interpenetrating cubic lattices and nearest-neighbor interactions. 
Call one sublattice A and the other B. The effective field on an ion of lattice A is due 
to the ions of B; thus 

H eA = H a - qM B 

H eB = Ha - qM A 

where q is the same as in the ferromagnetic case except that g is now negative. The 
susceptibility for T > T c is 

= g>N» B *S(S + 1) = _^ (5b -305) 

x $k(T + e) T + e 

where = cT c and c = 1 for the simple model. 2 The susceptibility below the Curie 
temperature for this simple model consists of two parts; the susceptibility parallel 
(x||) and perpendicular (xj_) to the antiferromagnetic axis. x|| decreases and becomes 
zero as T —* 0; thus the susceptibility at absolute zero is 

Xt-o - f Xt-t c (5b-306) 

Ferrimagnetism. Ferrimagnetic substances are those in which the magnetic ions 
can be divided into nonequivalent sublattices which become spontaneously magnetized 
in an antiparallel arrangement below some temperature T c . A ferrite, i.e., NiFe 2 4 , 
is used as an example. It is a spinel structure having a close-packed cubic oxygen 
lattice in which there are 8 tetrahedral and 16 octahedral sites occupied by magnetic 
ions. The sites are labeled A and B, respectively. Neel, 3 using the Weiss theory, 
gave the effective fields at the A and B sites as 

Ha ^ H a + jaaMa - jabMb 
Hb = H a - jabMa + 7bbMb 

where yu - ^2^2 

Zij is the number of nearest neighbors on the j sublattice to an atom on the i sub- 
lattice, Sa is the exchange coupling between the electrons of those atoms, and N,- 
is the total number of magnetic ions on the j sublattice. 
For T > T c 

C T " *' (5b-307) 



„ Nq*hb*S(S + D , _ Na 
where C - u * N 


N B 


T e = hC[\yAA + wbb 4- VOyaa 


- M7B2?) 2 + AX/J.JAB 2 ] 


T' 6 = ^C[\yAA + WBB - V(*YAA 

6' =» \fiC[yAA + yBB + 2yAB] 
For T <T e 


— hjbb) 2 + AKixjab 2 ] 



1 J. H. Van Vleck, /. Chem. Phys. 9, 85 (1941). 

2 For other models, see J. Samuel Smart, Phys. Rev. 86, 968 (1952). 

3 L. Neel, Ann. Phys. 3, 137 (1948). 
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M A - N A gfiBSy A M B = N B gv. B Sy B (5b-308) 

Ng 2 HB 2 S 2 
where y A = B 8 3fey — (Xt^^ - hjabVb) 

2/b = ## 3fc y (— \jabVa + wbbVb) 

where 2?,s(a;) is the Brillouin function. 

5b-19. Gyromagnetic Effects. Gyromagnetic Ratio. The magnetic moment of an 
amperian current loop is proportional to its angular momentum 

» - fe J - Y'J (5b-309) 

or summed over an entire body 

M = 7 'J (5b-310) 

where J is the total angular momentum corresponding to the magnetic moment M. 
A change in either J or M produces a corresponding change in the other. 

BARNBTT 1 effect: Change of magnetization by rotation. 

einstein-de hass effect: 2 Change of rotation by magnetization. 

Measurements by these methods yields values of g' < 2 indicating that the electron 
spin is the predominant source of magnetism. Kittel (see ref. IV) gives the relation 
g — 2 ^ 2 — g', where g is the spectroscopic splitting factor. 

Spin Resonance. A substance with a magnetic moment in a static magnetic field 
H will absorb energy from an oscillating magnetic field of small intensity at right angles 
to the static field. The peak of the absorption curve occurs at the angular frequency 

w = 2^ = 7jff (5b3n) 

where m is the appropriate unit for the magnetic moment and g is the spectroscopic 
splitting factor. 

protons, /a is the nuclear magneton /jl p = eh/^wMpc and g = 5.58 



FREE ELECTRONS! 



^ = v (kc/sec) = 4.26# (oersteds) (5b-312) 

M = mb and g = 2 
v (Mc/sec) = 2.80# (oersteds) (5b-313) 

paramagnetic salts: 3 The equation of motion, treating the body as a whole, may 
be obtained 4 by the use of Eq. (5b-310), M = T J, and the torque dj/dt = M X H, 

^J = t(M X H) (5b-314) 

where the components of H are 

H x = 2Hi cos cot H y = H. = static field 

the amplitude of the oscillatory field is small compared with the static field, and the 
resonance frequency is 

"o = T#* (5b-315) 

1 S. J. Barnett, Revs. Modern Phys. 7, 129 (1935). 

2 A. Einstein and W. J. de Hass, Verhandl. deut. physik. Ges. 17, 152 (1915). 

3 For metals, see Freeman J. Dyson, Phys. Rev. 98, 349 (1955). 

4 F, Bloch, Phys. Rev. 70, 460 (1946), 
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ferromagnetic resonance: Kittel 1 has shown that the above equations hold for 
ferromagnetic resonance if all demagnetizing effects are included. For example, the 
resonance frequency becomes 

a - y(BH)i (5b-316) 

for a specimen in the form of a thin disk with the static field parallel to the disk. 

antiferromagnetic resonance: Above the Curie temperature, paramagnetic 
resonance is found. Below the Curie temperature, the effective field 2 becomes 

#eff = [H a (2He + H A )]i (5b-317) 

where Ha is the effective anisotropy field of one sublattice and He is the exchange 
field. 

ferrimagnetic resonance: The individual sublattices must be considered in the 
resonance equation. An effective splitting factor 3 for the combined sublattices is 
given by 

e _ |M| _ |SM<| 

^"2^-isr _ is(M,/ T .)i (5b - 318) 

where Mi is the magnetization of the individual sublattice and y% — gi(e/2mc) 
describes its gyromagnetic ratio. 
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• 5c-l. Fundamental Considerations. The standards in terms of which electrical 
quantities are evaluated are derived from absolute measurements which serve to 
establish the magnitudes of the electrical units in terms of the basic mechanical units. 
The relations between the fundamental mechanical units and the electrical units 
derived from them are required to satisfy two conditions: (1) the electrical watt should 
equal the mechanical watt; and (2) in a rationalized system the unit of resistance 
must be such as to make the wave impedance of free space numerically equal to 
five, where ^ is the conventionally assigned value of the permeability of free space and 
c is the velocity of the electromagnetic wave. 1 The first condition fixes the product 
of the volt and the ampere (the watt), while the second fixes their quotient (the ohm). 

Two types of absolute measurements have been used in assigning values to the elec- 
trical units. In one type of experiment an inductor (either self or mutual) is con- 
structed of such form that its inductance can be computed from its measured dimen- 
sions together with the conventionally assumed permeability of the space around it. 
This inductor is then supplied with a periodically varying current, and its reactance 
at the known frequency is compared with the resistance of a standard resistor. 2 In 
this absolute ohm experiment a value is assigned to the resistor in terms of length, fre- 
quency, and permeability. 

In a second type of experiment, a pair of coils is so arranged that the force or torque 
exerted between them when they carry a current can be measured accurately. This 
arrangement is called a current balance. The current, thus measured in absolute 
amperes, is passed through a resistor whose value is known in absolute ohms. The 
resulting voltage drop is opposed to the electromotive force of a standard cell, and its 
emf is determined in absolute volts. 3 

Values having been assigned to physical standards of resistance and voltage on the 
basis of absolute measurements, the values of the other electrical units can be derived 
from them using appropriate relationships. Thus the ohm and volt become the basic 
units of electrical measurement, and their physical embodiments in resistance coils and 
standard cells become the fundamental electrical standards. 

5c-2. History of Electrical Standards. The British Association ohm (1864), 
resulting from the work of a committee under the leadership of Maxwell, represented 
the first concerted attempt by a responsible organization to realize an electrical 
standard based on absolute measurements correlating a mechanical and electrical 
system of units. At that time the Daniell cell was commonly used as the standard 
of emf. Later the Clark cell (1872) and its modification by Lord Rayleigh (1884) 
were used. Still more recently (by international agreement in 1908) the cadmium 

X F. B. Silsbee, Instruments 26, 1522 (1953). 

2 Thomas, Peterson, Cooter, and Kotter, J. Research Natl. Bur. Standards 43, 291 (1949). 

3 Curtis, Driscoll, and Critchfield, J. Research Natl. Bur. Standards 28, 133 (1942). 
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cell, invented by Weston (1891), has entirely replaced the Clark cell and is in use 
today as the standard of emf . 

Although the assignment of values to electrical standards on the basis of an absolute 
system of units has been generally recognized as desirable since the initial proposal 
of the British Association, the difficulties encountered in absolute measurements led 
to rather large uncertainties in the values of the standards. This resulted in the 
adoption (1894) of an auxiliary set known as the "international" units, which were 
a "reasonable approximation" of the absolute units and which could, it was hoped, be 
experimentally reproduced with sufficient accuracy for measurement purposes. These 
units were denned by the resistance of a uniform column of mercury of specified length 
and mass, and by the current required for the deposition of silver at a specified rate 
from a silver nitrate solution. The units defined in terms of the "mercury" ohm and 
the "silver" ampere could be established easily within a few hundredths of a per cent, 
but presently there was need for greater accuracy in measurements. Fortunately the 
techniques needed in absolute measurement also improved and it became possible to 
establish values of the electrical units within about 10 parts in a million by absolute 
methods. 

Accordingly, on Jan. 1, 1948, the "international" system of units was formally 
abandoned and the "absolute" system was universally adopted. This required small 
changes in the values assigned to the various units, because of differences between 
the magnitudes of the "international" units last assigned in 1910 and the newly 
determined "absolute" units. Table 5c-l may be used to compute the value in 
"absolute" units of any quantity that is known in the "international" units used in 
the United States. Corresponding tables based on the "international" units main- 
tained by other countries would be slightly different because each country maintained 
its own standards, and small differences developed over the years between the units 
of one country and another. 

Table 5c-1. United States Values 

1 international ohm = 1.000495 absolute ohms 

1 international volt = 1 . 000330 absolute volts 

1 international ampere = . 999835 absolute ampere 

1 international coulomb = . 999835 absolute coulomb 

1 international henry = 1 . 000495 absolute henry s 

1 international farad = 0.999505 absolute farad 

1 international watt = 1.000165 absolute watts 

1 international joule = 1.000165 absolute joules 

6c-3. Maintenance of the Electrical Units. The National Bureau of Standards in 
Washington, D.C., is assigned the task of maintaining the electrical units defined by 
an Act of Congress and used in science and technology in the United States. It also 
plays an active part in disseminating accurate values of the various electrical quantities 
by the measurement and certification of electrical standards belonging to other 
laboratories. 1 

The absolute measurements which are made to assign values to the ohm and the 
volt require much care and skill and are so time-consuming that they can be justified 
only at intervals of several years. In the intervals between absolute measurements, 
values of the ohm and volt are maintained by groups of wire-wound resistors and of 
standard cells. These groups constitute the primary electrical standards of the coun- 
try and, in effect, all values of the various electrical quantities are derived from them. 

1 This service is voluntary on the part of the organization requesting certification, as the 
bureau has no police powers. Also, with certain exceptions, a fee is charged covering the 
cost of certification. 
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6c-4. Standards of Resistance. The primary standard of resistance in the United 
States is a group of ten 1-ohm resistors of special construction. The present group 
comprising the primary standard are of the Thomas 1 type, made in 1933. They were 
wound of No. 12 Awg manganin wire, vacuum annealed at 550°C, and sealed in air 
in double-walled containers. The individual members of the group are intercompared 
annually. The maximum net change in any member of the group, with respect to the 
group average, has been 3.7 parts per million and the average change 1.2 ppm during 
the 22 years (to 1955) that have elapsed since the group was set up. They can be 
intercompared or can be compared with other similar standards to about one part in 
10 7 , By suitable comparisons (successively in series and in parallel) ratios of resist- 
ance can be established to a few parts in 10 7 , and the primary group of standards can 
be used to extend the range of measurement to higher and lower values of resistance. 

Secondary standards of resistance can be calibrated (or assigned values) stepwise 
from the primary group up to a maximum of perhaps 1 megohm, and to a minimum 
of 10 microhms or less. Almost without exception manganin is used as the alloy in 
resistance standards, as sheet material for resistors of low value and wire for resistors 
of high value. Manganin has two advantages in this application: (1) its temperature 
coefficient of resistance at ordinary room temperatures is very low, a few parts in 10 6 , 
and (2) its thermal emf against copper is small, 2 to 3 fiv per degree centigrade. 
Manganin is, however, a strain-sensitive material, and also it oxidizes to some extent 
at ordinary temperatures. Hence the stability of a resistance standard depends on its 
construction, the extent to which initial strains have been relieved by annealing, its 
freedom from strain in use, and its protection from air and moisture. These factors 
vary considerably for standards of various types and values. The construction used 
in the Thomas-type standards which make up the primary group probably represents 
the best approach yet made to the ideal: the complete elimination of initial strain by a 
high-temperature anneal; practically strain-free mounting in use; a reasonably large 
ratio of volume to surface area; and protection by sealing from atmospheric effects. 
The stability of these standards is better by a factor of 10 or even 100 times than that 
of the usual resistance standard. No general statement is possible concerning the 
stability of standards, except that those of higher value are usually less stable, because 
of both more unrelieved strain and more exposed surface area per unit volume of the 
material. 

5c-6. Standards of Electromotive Force. The primary standard consists of a 
group of 47 saturated cadmium (Weston) cells which are maintained at a temperature 
of 28°C, held constant to within 0.01°C. Of these cells, 33 are of the acid type, sul- 
furic acid being present in the electrolyte at a concentration of 0.03-0.05N. The 
remainder of the group are neutral in the sense that no acid has been added. The 
presence of acid prevents hydrolysis of the mercurous sulfate in the cell and decreases 
the solvent action of the electrolyte on the glass container. Thus it contributes to the 
constancy of emf of the cell. However, the emf of an acid cell is lower than that of a 
neutral cell by an amount proportional to the concentration of the acid (30 /iv for 0.05 
normal acid). 2 Of the cells which make up the primary standard, 12 have been in the 
group since 1906 and 2 since 1913. Of the remainder 7 made in 1932, and 26 made in 
1949 were added in 1955. New cells are made periodically, employing carefully puri- 
fied materials, and are used to supplement the primary group. 3 The cells of the 
primary standard are intercompared periodically and the group average is used as the 

1 Thomas, J. Research Natl. Bur. Standards 5, 295 (1930); 36, 107 (1946). 

2 The initial small decrease of emf usually observed in a neutral cell during the first few 
months after H is made is believed to result from the formation of acid in the electrolyte. 

3 These supplementary groups are kept under the same conditions as the primary group 
and are regularly compared with them. Thus, if a cell in the primary group should fail, 
another cell having a known history of constancy could be used to replace it. 
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standard of emf. An international intercom parison made in 1955 indicated that, at 
that time, the United States standard differed by 0.7 /xv from that maintained by the 
International Bureau of Weights and Measures at Sevres, France. 

Secondary standards of emf may be cadmium cells of either the saturated or unsatu- 
rated type. Most modern cells, both saturated and unsaturated, are of the -acid" 
type, containing sulfuric acid at a normality of about 0.05. Saturated cells maintain 
a more nearly constant emf over long periods of time than do unsaturated cells and are 
being used to an increasing extent as reference standards by many laboratories. The 
temperature coefficient of emf of the saturated cell is considerably larger than that 
of the unsaturated cell, and its temperature must be held constant to within about 
0.02 °C if the emf is to be constant to 1 /xv. Temperature control for saturated cells 
may be maintained by a thermostatically regulated oil bath or air bath. If oil 
is used it should be clear, of medium viscosity, acid-free, and without appreciable 
vapor pressure. An air bath for maintaining standard cells at a constant temperature 1 
is used in a number of laboratories. It consists of a thick-walled aluminum box which 
is enclosed by and thermally insulated from a second aluminum box. The outer box 
is again protected by thermal insulation and is maintained at a constant temperature 
somewhat above ambient (usually about 35°C ± 0.01). Temperature fluctuations 
within the inner compartment are attenuated to less than 0.001 °C. The international 
formula (adopted in 1908) relating the emf of a saturated cadmium cell to its tem- 
perature is 

E t ** #20 - 0.000040(* - 20) - 0.00000095(2 - 20) 2 + 0.00000001(2 - 20) 3 

where E t is the emf at temperature t and E 2 o is the emf at 20°C, This formula is 
stated to apply to either acid or neutral cells, and holds to within 1 #v for temperatures 
between and 40 °C. 

Unsaturated cells (becoming saturated at 4°C) are used almost universally as work- 
ing standards of emf in this country. 2 Their temperature coefficient of emf (approxi- 
mately —5 mv/°C) is much lower than that of the saturated cell; and they will with- 
stand parcel-post or express shipment (the solid electrode material being held in place 
by porous plugs) whereas saturated cells cannot be shipped but must be hand-carried. 
However, the emf of unsaturated cells generally decreases with time, usually between 
50 and 100 juv per year, so that their life span is limited to about 10 years. Because 
of this change of emf with time, it is advisable that unsaturate*! cells be checked 
periodically against a stable standard. For accurate work they should be certified 
once a year, and discarded when their emf has dropped to 1.0183 volts. 

Certain precautions should always be observed in using standard cells. 

1. They should be protected from large or sudden changes in temperature, because 
of the large temporary change in emf that accompanies a sudden temperature change. 
This "hysteresis" and the cell's recovery time vary considerably in different cells. 
Its cause is not understood, but there is evidence that the effect is larger in old than 
in new cells. 

2. Cells should not be exposed to nearby sources of heat that may produce tempera- 
ture inequalities in the two limbs. This would cause a large change in emf since the 
temperature coefficients of the individual electrodes are quite large (one positive and 
one negative) and annul each other only if their temperatures are equal. Many cells 
are equipped with a copper-lined protective case to reduce temperature inequalities 
between the limbs. 

3. Temperatures above 40°C and below 4°C should be avoided. The 10 per cent 
amalgam generally used in cells solidifies at a temperature slightly below this lower 

1 Mueller and Stimson, /. Research Natl. Bur. Standards 13, 699 (1933). 

2 Saturated cells are used extensively for this purpose in Great Britain. 
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limit and gives rise to abnormal changes in emf, while the cadmium sulfate has a transi- 
tion point only a little higher (at 43.6°C) than the recommended upper limit. The 
mOnohydrate formed at the transition temperature is undesirable and persists as a 
metastable form when the temperature is again lowered. 

4. The elements of a cell should not be exposed to strong light, as the mercurous 
sulfate is photosensitive. Cells with exposed elements usually have a band of black 
paint covering the mercurous sulfate layer. 

5. The internal resistance of a standard cell is about 500 ohms in the high-resistance 
type, and 100 ohms in the low-resistance type. The latter should be used with a 
deflection potentiometer. Loss of sensitivity in potentiometer measurements, which 
is traced to the standard-cell circuit, may indicate the presence of a gas bubble forming 
in the negative limb of the cell. Such a cell should be discarded. 

6. Current drawn from a cell which is used as an emf standard should be kept small 
and should be drawn only for very short periods of time, a few seconds at most. 
Currents should never exceed 100 /*a. A standard cell that has been short-circuited 
may be presumed to have been permanently damaged, and should be discarded. 
Laboratory conditions should be avoided which will result in moisture condensation 
on the cell case and a lowering of the insulation resistance between terminals. 

7. Cells which have been shipped or otherwise roughly handled may not be depend- 
able. A recovery period of a week should be allowed before the cell is used as a 
reference standard. 

8. The emf of an unsaturated cell should be checked periodically. When it falls 
to 1.0183 the cell should be discarded, as it is no longer a reliable standard. 

5c-6. Capacitance Standards, Capacitors whose values can be computed accu- 
rately from their measured dimensions are necessarily small, perhaps 150 picofarads 1 
at most. Their geometry must be simple: concentric spheres, coaxial cylinders, or 
parallel plates. The dielectric is usually air. The problem is complicated by the 
fact that solid dielectric must be used to support one or both electrodes of the system. 
The presence of solid dielectric in the electric field of the capacitor precludes its exact 
computation and introduces losses so that the current does not lead the impressed 
voltage by exactly 90 deg in a-c applications. These complications can be largely 
avoided by appropriate design, using a three-electrode guard-ring capacitor with the 
solid insulation so located that it is not exposed to the field of the working capacitor. 
The coplanarity of the guarded electrode with its guard ring is critical in a com- 
putable standard because a displacement of this electrode results in the exposure of a 
sharp edge with consequent field concentration. Moon 2 has built a series of com- 
putable paraUel^plate guard-ring capacitors in the range from 5 to 0.1 picofarads, and 

. * A list of prefixes, sponsored by the International Union of Physics and approved by the 
International Electrotechnieal Commission (05-35-080 in IEC Publication 80) which 
represent the most common powers of 10 has been accepted in several countries and is used 
somewhat^ the United States. The prefixes and the corresponding powers of 10 are 
given in the table below. 




2 Moon and Sparks, J. Research Natl. Bur. Standards 41, 497 (1948). 
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has estimated that his accuracy was limited to 0.1 per cent for the 1-pf capacitor 
by the accuracy with which mechanical dimensions could be measured. Taking 
advantage of the fact that the field is concentrated at an exposed sharp edge, he also 
constructed a series of computable "guard-well" capacitors 1 in which the working 
electrode is recessed behind the plane of the guard ring. In this construction the 
capacitance is a function of the depth of the recess, and the capacitance can be as 
small as desired while linear dimensions remain large enough for precise construction 
and measurement. Moon estimated that the uncertainty in his guard-well capacitors 
was 0.5 per cent at 0.01 pf and 2 per cent at 0.001 pf. 

Air capacitors consisting of groups of interleaved parallel plates have been built 
for use as secondary standards up to 0.01 fd; and adjustable air capacitors (up to 
about 10 3 pf) in which a group of movable parallel plates rotates with respect to a 
group of fixed interleaved parallel plates. The values of such capacitors can be 
determined stepwise by comparison with computable standards in a suitable capaci- 
tance bridge or may be determined in terms of resistance and frequency in a Maxwell 
bridge. The losses (and hence the phase-defect angles), which are always small in 
such capacitors, depend largely on the extent to which solid dielectric is present in the 
working field, and to a very much lesser extent 2 on the presence of surface films on the 
electrodes. The accuracy of adjustable air capacitors depends on the closeness with 
which the angular position of the movable plates with respect to the fixed plates can 
be set and reproduced, and on the quality of the bearings on which the electrode 
system rotates. 

Solid-dielectric capacitors, in which thin mica sheets are interleaved With metal 
foil, are used as working standards up to about 1 fxi. The assembly is impregnated 
with wax to eliminate voids and air pockets and is compressed through massive end 
plates to squeeze out excess wax. The quality and constancy of such a standard 
depends critically on the construction, being a function of the assembly pressure as 
well as the quality of the mica. Absorption and losses are always present in such 
capacitors. The phaSe-defect angles of the best mica capacitors may amount to 1 to 
2 minutes throughout the audio-frequency range, and their capacitance values may be 
expected to remain constant within 0.01 or 0.02 per cent over a period of many years. 
Mica is the only solid dielectric material that has been successfully used in standard 
capacitors. 

5c-7. Inductance Standards. Self and mutual inductors, whose values may be 
computed from measured dimensions, have been built at the National Bureau of 
Standards and at other national laboratories for use in absolute-ohm measurements. 
Computable self -inductors are single-layer solenoids wound on marble, porcelain, 
low-expansion-glass, or f used-silica forms. In some instances an accurate screw 
thread has been cut into the cylindrical form to control the spacing of the winding. 3 
Computable mutual inductors have been built following a design of Campbell 4 or 
Wenner's modification 5 of it. In each of these designs the primary consists of single- 
layer helical windings on a marble or porcelain cylinder, the sections of the winding 
being spaced in such a way that a relatively large annular space is available around 
the central portion of the cylinder, within which the field is very small. The multi- 
layer secondary winding is located in this space, and since the field is small, the exact 
location of the secondary becomes relatively less critical. Such mutual inductors can 
be computed as accurately as can the self -inductance standards. However, both 
types of inductor, apart from being very difficult and expensive to build and compute, 

i Snow, J. Research Natl. Bur. Standards 42, 287 (1949). 

2 Koops, Philips Tech. Rev. 5, 300 (1940). 

3 Curtis, Moon, and Sparks, /. Research Natl. Bur. Standards 21, 371 (1938). 

4 Campbell, Proc. Roy. Soc. (London), ser. A, 79, 428 (1907). 

6 Thomas, Peterson, Cooter, and Kotter, J. Research Natl. Bur. Standards 43, 325 (1949). 
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have relatively low time constants and are not generally useful for work outside the 
special field (absolute measurements) for which they are designed. 

Self-inductance standards for laboratory work are usually multilayer coils of such 
shape that their inductance is maximum for a given size and length of wire. 1 Their 
accurate computation from measured dimensions is not possible and their values are 
usually established from electrical measurements in terms of other inductors, or a 
combination of resistance and capacitance. Laboratory mutual inductors also are 
usually designed to achieve a maximum time constant. 

Higher inductance in a given volume or with a given amount of copper can be 
obtained if the winding is on a core of high-permeability material. Special ferro- 
magnetic alloys are used for this purpose in sheet or strip form, or as a bonded granular 
or powder material. The gain in time constant is achieved at the expense of some 
nonlinearity in the inductor, since the permeability of the core is a function of the cur- 
rent in the winding. Also increased losses are to be expected from eddy currents and 
from hysteresis in the iron. By proper construction and the use of suitable core 
materials, these defects can be kept small, so that "iron-cored" inductance standards 
of moderate accuracy and stability are practicable. 

Inductors wound as multilayer cylindrical coils of rectangular cross section to 
achieve maximum time constant, set up an external field and, conversely, are subject 
to "pickup " from stray fields in which they are placed. These effects are considerably 
reduced by dividing the coil into two equal sections wound in opposite directions so 
that the emfs induced in them by a changing external field tend to cancel Such an 
arrangement is called astatic. A much greater degree of astaticism is attained when 
the coil is toroidal, with the winding uniformly distributed around the torus. 

Adjustable standards of self and mutual inductance are of two general kinds* the 
cross-coil type, in which the plane of a movable coil is turned to make various angles 
with the plane of the fixed coil; and the parallel-coil type, in which the plane of the 
movable coil is always parallel to the plane of the fixed coil. A familiar example of the 
cross-coil type is the Ayrton and Perry inductometer, in which the fixed and movable 
coils are zones of concentric spheres, with the movable coil pivoted on the common 
polar axis. Probably the best example of the parallel-coil type is the Brooks induc- 
tometer with three pairs of link-shaped coils, designed to provide a uniform scale over 
most of its range. The coil dimensions are such that, at the maximum reading, the 
conditions for maximum time constant are approximately met. Also, the system is 
arranged to be nearly astatic. The rotor, holding the movable pair of coils, turns on 
a shaft between pairs of fixed parallel coils. The coils are all connected in series when 
the instrument is used as a self-inductor, and for use as a mutual inductor the circuits 
ot the nxed and movable coils are separated. 

All inductors are to some extent frequency-sensitive as a result of distributed self- 
capacitance, eddy currents, and imperfect insulation between turns and layers of the 
winding. The effect of distributed capacitance is to increase both the effective 
resistance and inductance above their low-frequency values. At values well below 
resonance the following formulas hold approximately: 

#eff = #o(l + 2u*LoC) and L eff = L (l + a> 2 L C) 

where R and L are the values at zero frequency, and C is the equivalent capacitance 
considered to be connected across the terminals of the inductor. The effect of eddv 
currents is to increase the effective resistance and to decrease the effective inductance 
in accordance with the following formulas: 

R - = R ^^? -■ .*- -*"??& 

1 Brooks, J. Research Natl. Bur. Standards 7, 293 (1931). 
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where p and I are, respectively, the equivalent resistance and self-inductance of the 
eddy-current circuit, and M is its coupling with the inductor. The effect of imperfect 
insulation (equivalent to a shunt resistance across the terminals of the inductor) is to 
decrease the effective inductance. However, it may increase or decrease the effective 
resistance 1 depending on conditions. If the leakage resistance p is very high compared 
with the coil resistance, the following formulas hold: 

L-,-L.(l-=£?) and .&. .- *. (l + *g) 

It must be borne in mind that p is the a-c resistance of the insulation and therefore 
may itself be a function of frequency. 

6c-8. Frequency Standards. All standards of frequency are derived from the 
standard of time, the second, which is derived in turn from the motion of the earth. 
The standard second is the 1/86,400 part of a mean solar day, the average interval 
(throughout the year) between passages of the sun through a given meridian. The 
United States Naval Observatory checks and regulates the standard of time from 
observations of the passage of fixed stars through the vertical meridian. 

The primary standard of frequency is a 100-kc quartz-crystal oscillator maintained 
under constant temperature and pressure conditions by the National Bureau of Stand- 
ards. It is checked for constancy by using it to operate a clock that is compared with 
Naval Observatory time. A large number of frequencies are obtained from this 
crystal through multiplier and divider circuits. Standard frequencies, monitored 
against the primary standard, are continuously broadcast from the NBS radio 
transmitter WWV at Beltsville, Md., near Washington, D.C. 2 These frequencies 
include 2 5, 5, 10, 15, and 25 Mc/sec, each modulated at 440 cps (A above middle C 
on the international musical scale) or at 600 cps. These audio frequencies are given 
in alternate 5-min periods. In addition, second signals are given on each carrier 
frequency, consisting of a 5-cycle pulse at a frequency of 1 kc. This pulse is omitted 
at the beginning of the last second of each minute. The second signals are accurate 
to 1 jusec, and the standard frequencies (including the audio frequencies) to 1 part in 

50 million. 3 „ . . .„ , 

Quartz crystals are used in vast numbers to control the frequencies of oscillators 
throughout much of the radio spectrum, in both measurement and communication 
applications. Their constancy depends on thefcloseness with which their temperature 
and pressure are controlled. 

Tuning forks may be used as laboratory standards at power and audio frequencies. 
A precision fork, operating at a constant temperature, may have a frequency that is 
stable to 10 ppm and, when corrected for barometric pressure, to 1 ppm. A battery- 
driven fork without temperature control may have a temperature coefficient J^s than 
-0 015 per cent/°C, and a voltage coefficient less than 0.01 per cent /volt. It should 
provide a frequency known to better than 0.1 per Cent under any specified laboratory 

condition. . , ■ . ... , 

The frequency of 60-cps power in most localities affords a convenient reference point. 
However, even where power is supplied from a network that includes generating sta- 

i Campbell and Childs, /'Measurement of Inductance, Capacitance, and Frequency," 
T^lQlt) Van Nostrand Company, Inc., New York, 1935. 

P - 'sLdardLauencies and time signals are also broadcast from the bureau's auxrUary 
station WWVH in Hawaii. Signals either from Beltsv.lle or from Hawau can usually be 

reC a e TMs r s Th^r n in h t e rai:mtsion. The error in reception may amount instantaneously 
to as much a 8 1 ppm as a result of motions of reflecting layers of the ionosphere. The 
standard oscillators by which the broadcast frequencies are momtored^ are themselves 
accurate to 3 pattern 10», actually more nearly constant than the rate of rotatxonof the 
earth itself. 
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tions over an area of many hundreds of square miles, the frequency is not continuously 
held precisely to 60 cps. It may depart by as much as 0.1 or 0.2 cps, occasionally 
even more. Also the frequency can be corrected only very slowly because of the large 
inertia of the system, perhaps as much as half an hour being required. The average 
frequency will be very close to 60 cps over an extended time period and synchronous 
clocks will usually keep time within a few seconds. However, a commercial power 
source cannot be reliably employed as a frequency standard to much better than 
1 per cent. 

5c-9. Deflecting Instruments. Instruments customarily used for the measurement 
of current, voltage, or power are made in a number of accuracy classes. The best 
grades, called "laboratory standards" may be in the T V (or ^) per cent class, meaning 
that, over the useful part of the scale, no marked point is in error by more than ^ (or 
Yis) per cent of the full-scale value. These are large instruments and must be care- 
fully leveled to ensure good performance. Smaller portable instruments are made in 
accuracy classes of 0.2, 0.5, and £ per cent. The class of an instrument is usually 
stated in the maker's catalogue. Switchboard instruments are generally in a 1 per 
cent class, and panel instruments in the 1, 2, or even 5 per cent class. D-c ammeters 
and voltmeters are almost universally permanent-magnet moving-coil instruments, 
while the construction of a-c instruments depends on the intended application. 
Moving-iron or electrodynamic instruments are used at power frequencies and, if 
suitably compensated, in the lower audio-frequency range. Thermocouple ammeters 
are useful from low frequencies up to many megacycles per second, while thermocouple 
voltmeters are generally applicable only at power and audio frequencies unless they 
have special multipliers designed for high-frequency operatic Electrostatic volt- 
meters have no frequency limitations other than that imposed by low impedance at 
very high frequencies, and many vacuum-tube voltmeters are designed to operate 
from power frequencies up to many megacycles per second without serious error. 

Depending on operating principle and construction, deflecting instruments are 
subject to errors of various types: temperature, magnetic field, frequency, waveform; 
spring hysteresis, use in other than the intended position, and others. 1 
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6d-l. Dielectric Constants of Crystalline Solids. Crystalline solids are divided 
into inorganic (Table 5d-l) and organic (Table 5d-2) groups. Compounds are listed 
alphabetically in the first column and the chemical formula is given in the second. 
The column headed mp, °C under Organic Solids gives the melting point in degrees 
centigrade. The columns headed t, °C give the temperature of the measurements in 
degrees centigrade, the columns headed ?~/sec give the frequency of the measurement 
in cycles per second, the columns headed e/e v gives the dielectric constant (relative 
capacitivity) and the final columns the reference to the source of the information. 

Figures 5d-l and 5d-2, taken from ref . 21.2, display data for typical crystalline solids 
whose molecules can rotate in the solid state above a transition temperature. High 
values of dielectric constant are thus observed for polar compounds in a certain range 
of temperatures. Below the transition point the dielectric constant decreases to 
approximately the same value for each substance and is typical of most organic solids 
where dipole rotation is impossible. For one type of compound, illustrated by 
camphor and its derivatives, this decrease is sharp and independent of frequency. 
For the other type, illustrated by the hexachlorobenzenes, this decrease is gradual and 
frequency-dependent. Other examples of this behavior will be found in refs. 21.2, and 
32 through 42 on page 5-119. 

1 Dielectric constants of crystalline solids. 

2 Dielectric constants of amorphous solids and of gases. 

3 Dielectric constants of pure liquids. . m 

* Piezoelectric and pyroelectric constants, ferroelectric and antiferroelectnc properties. 
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Name 



Alums: 

Ammonium alum 

Cesium alum 

Potassium alum 

Rubidium alum 

Rubidium chrome alum. . 

Aluminum phosphate 

Ammonium bromide 

Ammonium chloride 

Ammonium tartrate 

Barium carbonate 

Barium chloride 

Barium chloride dihydrate. . 

Barium fluoride 

Barium formate 

Barium nitrate 

Barium oxide 

Barium peroxide 

Barium sulfate 

Beryllium carbonate 

Beryllium oxide 

Bismuth trioxide 

Cadmium bromide. 

Cadmium malonate 

Calcium carbonate 

Calcium fluoride. 



Calcium nitrate 

Calcium oxide — 

Ceric oxide 

Cesium bromide 

Cesium carbonate 

Cesium chloride. 

Cesium iodide 

Chromic oxide 

Cupric oxide 

Cupric sulfate pentahydrate. . 

Cuprous bromide 

Cuprous chloride 

Cuprous oxide 

Dextrose sodium bromide 

Diamond 

Ferrous oxide 

Iodic acid.: 

Iodine 

Lead acetate 

Lead bromide 

Lead carbonate 

Lead chloride 

Lead iodide 

Lead molybdate (wulfenite) . 

Lead nitrate 

Lead oxide 

Lead sulfate 

Lithium bromide 

Lithium chloride 

Lithium carbonate 



Formula 



A1(NH4)(S04)2-12H 2 

CsAl(S04) 2 -12H 2 

KA1(S04) 2 -12H 2 

RbAl(SC-4)2-12H 2 

RbCr(S04) 2 -12H 2 

AIPO4 

NEUBr 

NH4CI 

(NH4) 2 (C4H40 6 ) 

BaC0 3 

BaCh 

BaCl 2 -2H20 

BaF 2 

Ba(COOH) 2 

Ba(NOa)2 

BaO 

BaOa 

BaS04 

BeCOa 

BeO 

Bi 2 3 

CdBr 2 

Cd(C 3 H 2 04) 

CaCOa 

CaF 2 

Ca(NOa)* 

CaO 

CeOa 

CsBr 

Cs 2 COa 

CsCl 

Csl 

Cr 2 Oa 

CuO 

CuS04-5H 2 

CuBr 

CuCl 

Cu 2 

CeHwOeNaBr 

C 

FeO 

fflOa 

I 2 

Pb(C2H802) 2 

PbBr 2 

PbCOs 

PbCl 2 

Pbl 2 

PbMo04 

Pb(N0 3 ) 2 

PbO 

PbS0 4 

LiBr 

LiCl 

Li 2 C03 



t,°C 



r.t. 
r.t. 
r.t. 
r.t. 
18 



r.t. 

19 

-25 to 60 

r.t. 

15 

18 

18 
r.t. 

20 

20 

18 



19 
10 
r.t. 

18 
19 
25 

r.t. 

r.t. 

20 
20 
r.t. 



p~/sec 



17-22 
20 
15 
20 

20 



r.t. 
17-22 



IO12 
IO12 
aud. 
IO12 
IO12 

103 

IO12 
2X108 

103 

2X10 5 



2X 106 

103 

2X10 5 

60~ to 6 X 10 7 

2X10« 

10» 
2X10 5 
2X10« 
2X 10 6 
5X106 
5X105 
2X10 5 

105 

aud. 
2X10 5 
2X 10« 
2X10 6 
2X10 6 
2X10 5 
2X10 5 
1X10 6 
2X10 6 
2X10« 

5X105 

5X105 

2X10 6 

103 



t/iv 



Ref.* 



2 X 106 
103 

108 

10« 
0.5-3 X 106 

108 

0.5-3X106 
0.5-3X106 

3X10 8 
0.5-3 X 106 

2X 106 

106 

2X106 
2X106 
2X105 



5.0 

6.5 

5.1 

5.0 

6.05 

7.3 

6.96 

6.45 

8.53 

9.81 

9.00 

7.33 

7.9 

4.95 

34 

10.7 

11.4 
9.7 
7.35 

18.2 
8.6 
4.5 
9.15 
6.76 
6.85 
6.54 

11.8 
7.0 
6.51 
6.53 
6.34 
5.65 

12.0 

18.1 
6.60 
8.0 

10.0 

12.0 
4.0 
5.5 

14.2 
7.5 
4.0 
2.6 
>30 

18.6 

33.5 

20.8 

26.8H 

16.8 

25.9 

14.3 

12.1 

11.05 
4.9 



18 

18 

5 

18 

18 

21 

18 

13 

21 

27 

15 

15 

13 

21 

27 

1 

11 

27 

13 

11 

8 

8 

27 

14, 18, 24, 25 

5, 23, 28, 22 

27 

13 

11 

13 

27 

27 

13,12 

11 

11 

15 

8 

8,13 

11 

21 

1.1 . 
.11 
21 
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Table 5d-l. Inorganic Solids — Crystalline {Continued) 



Name 



Lithium fluoride. 



Lithium iodide — 

Lithium sulfate monohydrate 

Lithium trisodium chromate 

Lithium trisodium molybdate .... 

Magnesium carbonate 

Magnesium malonate 

Magnesium oxalate 

Magnesium oxide 

Magnesium sulfate 

Magnesium sulfate heptahydrate . 

Mercuric chloride 

Mercurous chloride 

Mica — ruby, muscovite 

Mica— Canadian. . 



Nickel sulfate hexahydrate. 

Phosphorus, red — 

Yellow 

Potassium bromate 

Potassium bromide 

Potassium carbonate. ...... 

Potassium chlorate. 

Potassium chloride 



Potassium chromate 

Potassium cyanide. 

Potassium dlhydrogen arsenate 

Potassium dihydrogen phosphate 

Potassium fluoride 

Potassium iodate. • 

Potassium iodide 

Potassium nitrate. 

Potassium perchlorate • 

Potassium orthophosphate 

Potassium monohydrogen orthophosphate 
Potassium dihydrogen orthophosphate . . . 

Potassium sulfate. 

Potassium thiocyanate 

Rubidium bromide. 

Rubidium carbonate 

Rubidium chloride 

Rubidium fluoride 

Rubidium iodide. 

Selenium. 



Formula 



LiF 



Lil 

Li 2 S04H 2 

LiNa 3 Cr04-6H 2 

LiNa 3 Mo04-6H 2 

MgC0 3 

Mg(C 3 H 2 04) 

Mg(C 2 4 ) 

MgO 

MgS04 

MgS04-7H 2 

HgCl 2 

HgCl 



NiS04-6H 2 
P 



Selenium, amorphous 

Silver bromide 

Silver chloride 

Silver cyanide — 

Silver nitrate 

Sodium ammonium tartrate tetrahydrate 

Sodium bromide 

Sodium carbonate 

Sodium carbonate decahydrate — 



t, °C 



KBrO» 

KBr 

K 2 C0 3 

KCIO3 

KC1 

K2C1O4 

KCN 

KH 2 As04 

KH2PO4 

KF 

KIOj 

KI 

KNOa 

KC104 

K3PO4 

K 2 HP04 

KH 2 P04 

K2SO4 

KSCN 

RbBr 

RbaCOt 

RbCl 

RbF 

Rbl 

Se 



Se 

AgBr 

AgCl 

AgCN 

AgNOi 

NaNH4(C4H40 8 )-4H 2 

NaBr 

Na 8 C0 3 

Na 2 CO»10H 2 O 



25 



20 
25 
20 



26 
25 
25 



r.t. 
r.t. 
18 
r.t. 



r.t. 
r.t. 



»»~/sec 



20 
r.t. 
r.t. 
r.t. 
r.t. 
r.t. 
r.t. 



25 
25 
25 

25 



106 

10M0 7 
IO2-IO 7 
2X106 

103 

103 

103 
2 X 105 
5X10& 
5X105 
102-108 
5X 105 

IO12 

lOW 

102-3 X 10» 
102-10 4 
10* 

103 

10 8 

108 

2X 10» 
2X10 6 
2X105 
2X10 8 

10« 

10« 
6X10 7 
2X 106 
2X106 

103 
2X106 
2X106 
2X106 
2X10 5 
2X10 6 
2X10 8 
2X106 
2X106 
2X106 
2X106 
2X106 
2X105 
2X106 
2X106 
2X106 
3X 108 
3X10 9 
2 X 101° 
102-10 10 
2X106 
2X106 

106 

5X105 

103 
2X106 
2X 105 
6X10 7 



e/tv 



Ref." 



9.27 
9.00 
9.11 
11.03 
5.6 
8.0 
8.1 
8.1 
5.8 
5.2 
9.65 
8.2 
5.46 
6.5 
14. 0± 
5.4 
6.9JL 
7.311 
6.2 
4.1 
3.6 
7.3 
4.78 
4.96 
5.1 
4.64 
4.80 
7.3 
6.15 
31 
46 
6.05 
16.85 
4.94 
4.37 
5.9 
7.75 
9.05 
>31 
6.4 
7.9 
5.0 
6.73 
5.0 
5.91 
5.0 
11.0 
10.4 
7.5 
6.00 
13.1 
12.3 
5.6 
9.0 
9.0 
5.99 
8.75 
5.3 



13 

31 

31 

13 

21 

21 

21 

27 

8 

8 

31 

8 

15 

18 

18 

31 

31 

31 

21 

26.1 

29 

13 

27 

29 

12 

12 



21 

13 

29 

13 

27 

29 

29 

29 

29 

29 

29 

13 

27 

13 

13 

13 

31 

31 

31 

31 

13,8 

13,8 

8 

21 

13 

27 

15 
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Table 5d-l. Inorganic Solids — Crystalline (Continued) 



Name 



Sodium chlorate.. 
Sodium chloride. . 



Sodium cyanide 

Sodium fluoride 

Sodium iodide 

Sodium nitrate 

Sodium perchlorate 

Sodium sulfate 

Sodium sulfate decahydrate 

Strontium carbonate 

Strontium chloride 

Strontium chloride hexahydrate. 

Strontium fluoride 

Strontium formate dihydrate . . . 

Strontium nitrate 

Strontium oxide 

Sulfur (100) 

(010) 

(001) 

Sublined 

Tantalum oxide 

Thallous bromide 

Thallous chloride 

Thallous iodide 



Thallous nitrate. . 
Thallous sulfate. . 
Thorium oxide.. . 

Zinc malonate 

Zinc sulfide 

Zirconium oxide.. 



Formula 



NaCIO, 
NaCl 



NaCN 

NaF 

Nal 

NaNO, 

NaC104 

Na 2 S04 

Na 2 SO4-10H 2 O 

SrCOa 

SrCb 

SrCl 2 -6H 2 

SrF 2 

Sr(COOH) 2 -2H 2 

Sr(NO,) 2 

SrO 

S 



Ta 2 6 
TIBr 
T1C1 
Til 

TINOi 

T1 2 S0 4 

Th0 2 

Zn(C 3 H 2 04) 

ZnS 

ZrOi 



t, °C 



85 
20 
19 



25 
25 
25 
25 
r.t. 



25 
193 

20 

20 
r.t. 

20 



~/sec 



2X10« 
102-10 7 
10 4 -10 7 

105 

2X10« 

2X10 6 

2X105 

103 



2X105 



2X10« 

103 
2 X 10 5 
2X10 6 
102-103 
102-103 

102-103 
102-103 

2X 10« 
103-10' 
2X10« 

103-10 7 

10 7 
5X105 
5X105 
2X10« 
5X105 

low 
2X 10« 



«/€« 



5.28 

5.62 

5.9 

5.98 

7.55 

6.0 

6.60 

6.85 

5.76 

7.90 

5.0 

8.85 

9.19 

8.52 

7.69 

6.1 

5.33 

13.3 
3.75 
3.95 
4.44 
3.69 

11.6 

30.3 

31.9 

21.8 

37.3 

16.5 

25.5 

10.6 
5.6 

8.2 

12.5 



Ref.« 



• References are on p. 5-119. 



16 
13 
31 
31 
32 
13 
13 
27 
21 
15 
15 
27 
15 
15 
13 
21 
27 
13 
31 
31 
31 
31 
11 
31 
13 
31 
31 
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Table 5d-2. Organic Solids — Crystalline 



Name 



Formula 



mp, °C 



t, °C 



i»~/si 



e/ev 



Acetoxime 

p-Amino benzoic acid. 



Anethole 

Benzamide 

Benzaphenone. 

Benzene 

Benzene hexachloride. 
Borneol 



d-Camphene 

d-Camphor 

Z-Camphor 

dl-Camphor 

Carbon tetrachloride 

Chloroform 

Cholestrol 

Cyclohexanol 

Cyclohexyl adipate 

Dibenzyl 

p-Dichlorobenzene 

1 ,4-Bromochloronaphthalene . 

2,3-Dichlorodioxane 

1,2-Dichloronaphthalene 

1,5-Dichloronaphthalene 

2,6-Dichloronaphthalene 

o-Dinitrobenzene 

Dioxane 

Ethylene bromide 

Ethylene chloride 

Ethylene cyanide 

Ethylene diamine 

Ethylene iodide 

Ethylene thiocyanate 

0-Fluoronaphthalene 

Naphthalene 

Nonachlorobiphenyl 

Pentachlorobenzene 

Pentaery thritol 

Phenanthraquinone 

Phenyl urethane 

Quinone 

Succinic acid 

Tartaric acid 



o-Terphenyl 

wt-Terphenyl 

p-Terphenyl 

Thiocamphor 

o,p-Toluene sulfonamide. 
Tri-o-cresyl phosphate . . . 
Tri-m-cresyl phosphate. . 
Tri-p-cresyl phosphate . . . 
Triphenyl phosphate .... 



C3H7NO 
C7H7NO2 

C10H12O 

C7H7NO 

C13H10O 

CeHe 

CeH6Cl6 

CioH^O 

C10H16 

CioHieO 

CioHieO 

CioHieO 

CCU 

CHCU 

C27H46O 

C6H12O 

C18H30O4 

C14H14 

C6H4CI2 

CioHeBrCl 

CioHeCh 

CioHeCh 

C10H6CI2 

C4H6O2CI2 

C6H4N2O4 

C 4 H 8 02 

C 2 H4Br 2 

C2H4CI2 

C4H4N2 

C 2 H 8 N 2 

C2H4I2 

C 2 H4(SCN) 2 

C10H7F 

CioHs 

C12HCI9 

CeHCU 

C6H12O4 

C14H8O2 

C9H11NO2 

C6H4O2 

C4H6O4 

C4H 6 O a 

C18H14 

Ci 8 Hi4 

C18H14 

C10H16S 

C7H8O3S 

C21H21O4P 

C21H21O4P 

C21H21O4P 

Cl8Hl 6 04P 



61 
187 

32.5 
130 

48.5 

5 
157 
208.6 

42.7 
179 
180 
174 
-22.5 
-63.2 
148.5 

24 

35.5 

52.5 

53 

37 
107 
135 

29 
116.5 

12 

10 
-35.5 

54.2 

10 

82 

89.8 

59 

80.1 

85 
253 
207 

52 
115.7 
185 
170 



186 
213 
139 



23 
12 

-30 

29 

25 


28 

25 

90 

25 

25 

25 

25 
-30 
-70 

27 

20 

25 

23 

20 

26 

10 

25 

25 

20 

24 





-40 

25 
6.7 

26 

25 

25 

25 

25 

25 

29 

25 

22.5 

23 

25 
21 

25 

25 

25 

25 

25 
-46 
-46 

25 

25 



106 
106 
10» 
106 
106 
106 
106 
106 

106 
105 
106 
106 
10 6 
10 6 
106 
106 
106 
106 
106 
106 
106 
106 
106 
106 
10 6 
106 
10 5 
106 
10 5 
106 
106 
106 
106 
106 
106 

103-3 X 10» 
10 2 -10' 

106 
106 
106 
106 
105 
106 
105 
103 

102-10 7 

103-10 9 

3 X 10 9 

105 

2.5 X 10 10 

106 
105 
106 
106 



* References are on p. 5-119. 



3.00 

3.1 
6.7 

3.0 

3.0 

3.2 

2.44 

2.7 

2.78 

3.85 

2.36 

11.2 

11.35 

10.3 
2.43 
2.40 
2.86 

16.0 
2.56 
2.59 
2.88 
2.86 
3.06 
2.6 
2.26 
2.90 
3.5 
2.28 
2.80 
4.65 

65.9 
5.9 
3.45 
3.33 
3.0 
2.85 
2.64 
3.05 
2.44 
3.45 
2.71 
2.66 
2.40 
6.0 
9.7 
2.8 
2.86 
2.95 
9.7 
3.21 
3.0 
3.1 
2.9 
2.8 
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6d-2. Dielectric Properties of Amorphous Solids 

.: Table 5d-3. Dielectric Prop 
(Values for tan 5 are multiplied 





r, °c 




Frequency 


Ceramic 






















1 x 10* 


1 X 10* 


1 X 10V 


1X10* 


1X10« 


1X10' 


1X108 


Steatite bodies: 
AlSiMag A-35i 


23 


e'/ev 
tan 8 


6.10 
150 


5.96 
100 


5.89 
70 


5.86 
50 


5.84 
38 


5.80 
35 


5.75 
37 




85 


e'/ev 


6.84 


6.37 


6.11 


5.96 


5.86 


5.80 


5.75 






tan 8 


890 


370 


175 


103 


77 


50 


50 


AlSiMag A-1961 


25 


e'/ev 

tan 8 


5.90 
30 


5,88 
59 


5.84 
79.5 


5.80 
55 


5.70 
30.5 


5.65 
19 


5.60 
16 




81 


e'/ev 


5.90 


5.88 


5.84 


5.80 


5.70 


5.65 


5.60 






tan 5 


58 


40 


46.5 


70.5 


66 


40.5 


24 


AlSiMag 2111 


25 


e'/ev 


6.00 


5.98 


5.98 


5.97 


5.97 


5.96 


5.96 






tan 5 


92 


34 


12 


6 


5 


4 


4 


AlSiMag 228i 


81 


e'/ev 


6.52 


6.46 


6.40 


6.40 


6.36 


6.30 








tan 5 


35.6 


22 


18 


21.5 


18.4 


11.8 




Steatite type 302« 


25 


e'/e v 


5.80 


5.80 


5.80 


5.80 


5.80 


5.80 


5.80 






tan 8 


32 


20 


16 


13 


12 


12 


12 


Steatite body 7292 8 


25 


e'/ev 


6.55 


6.55 


6.54 


6.53 


6.53 


6.53 


6.53 






tan 8 


14 


7 


4.8 


3.9 


4.9 


5.2 


6.2 


Crolite No. 29* 


24 


e'/ev 


6.04 


6.04 


6.04 


6.04 


6.04 


6.04 








tan 8 


25 


19 


15 


13 


11 


10 




Forsterite bodies: 




















AlSiMag 243i 


85 


e'/ev 


6.37 


6.37 


6.37 


6.36 


6.32 


6.28 








tan 8 


21 


13.7 


8.0 


<9 


3.7 


3.5 




Titania and titanate bodies: 




















Ceramic NPOT 96 l 


25 


e'/ev 


29.5 


29.5 


29.5 


29.5 


29.5 


29.5 


29.5 






tan 5 


12 


4.9 


3.3 


2.5 


1.6 


1.7 


2 


. Ceramic N750T96 1 


25 


e'/ev 


83.4 


83.4 


83.4 


83.4 


83.4 


83.4 


83.4 






tan 8 


5.7 


4.5 


3.5 


2.5 


2.2 


2.3 


4.6 


Ceramic N1400T1101 


25 


e'/ev 


131 


130.8 


130.7 


130.5 


130.2 


130.2 


130.0 






tan 8 


6.7 


5.5 


3.3 


1.4 


3.0 


5.5 


7.0 


Body TIO61 


25 


e'/tv 
tan 8 


1,518 
31 


1,508 

87 


1,480 
99 










Porcelains: 




















Zircon porcelain Zi-4 5 


25 


e'/ev 


6.44 


6.40 


6.35 


6.32 


6.32 


6.30 


6.30 






tan 8 


59 


40 


31 


27 


23 


21 


25 


Electrical porcelain, wet 

process 6 
Electrical porcelain, dry 


25 


tan 8 


6.47 
280 


6.24 
180 


6.08 
130 


5.98 
105 


5.87 
90 . 


5.82 
115 


5.80 
135 


25 


e'/ev 


5.50 


5.36 


5.23 


5.14 


5.08 


5.04 


5.04 

78 


process 8 
Coors AI-200— high alumina 5 




tan 5 


220 


140 


105 


85 


75 


70 


25 


e'/ev 


8.83 


8.83 


8.82 


8.80 


8.80 


8.80 


8.80 






tan 8 


14 


5.7 


4.8 


3,8 


3.3 


3.2 


3.0 


Porcelain No. 4462— high 


25 


e'/ev 


8.99 


8.95 


8.95 


8.95 


8.95 


8.95 


8.95 


alumina 7 




tan 5 


22 


9.1 


6.0 


3.0 


2.0 


2.0 


4.0 


Coors AB-2— high alumina 5 


25 


e'/ev 


8.22 


8.18 


8.17 


8.17 


8.16 


8.16 


8.16 






tan 8 


20 


13.4 


11.4 


10.5 


9.0 


7.5 


9.0 


AlSiMag 491— high alumina 1 


25 


e'/ev. 










8.74 










tan 5 






" "" " 


22 







Manufactured by: 

1. American Lava. 

2. Centralab. 

3. General Ceramics and Steatite. 

4. Crowley. 

5. Coors. 

6. Knox. 

7. Frenchtown Porcelain. . 

* Data taken from Tables of Dielectric Materials, vol. IV, Laboratory for Insulation Research, MIT Technical Report 57; 
and Chart 501, American Lava Co. 
t Frequency - 1 X 10». 
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ebties of Selected Ceramics* 
by 10 4 ; frequency given in cps) 



Frequency 



Volume resistivity, ohm-cm 



3 X 10« 3 x 10» 1 X 10"> 2.5 X 10"> 



25°C 



100°C 300°C 500°C 700°G 900°C 



8.53 
6.8 



5.60 
41 

5.50 
47 

5.42 
18 

5.42 
18 



5.95 
11 

5.8 
19 

6.52 

9 

5.90 
24 

5.88 



6.30 
27 

5.75 
140 
5.02 



8.93f 
9t 



6.23 
45 



8.79 
10 

8.90 
11 

8.14 
16 

8.60 
17 



5.24 
26 



5.90 
14 



5.8 
36 

6.51 
10.9 

5.71 



20 

83.4 

14.6 



6.18 
57 

5.51 
155 

4.74 
156 

8.79 
18 

8.80 
14 

8.08 
27 

8.50 
23 



5.36 
58 



5.18 
38 



>10" 



2.1 XIO12 



6.0X10' 



3.2 X 106 



2.3 X 10^ 



>10" 1.0 X10" 6.5X10» 



>10" 

>10" 

>7 X 10" 

>10» 
>10" 



7 X 10" 



7 X 10" 



>10" 
>10" 



3.0X10W 

>10" 
4.0X1013 

>10" 
5.0X1013 



7 X 10" 



9 X low 



>10" 



4.0X107 1.8X103 



3.5X10io 
1.0 X IO10 3.0X108 



7.0 X 10" 



.7X10" 



1.2X10W 



2.0X107 



5.0X10" 



7.0X103 



3.0 X 10« 



4.0 X 10« 



1.0X108 



6.2 X 10» 



3.0X10* 



8.0X10* 
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(potash, soda, lead) 

(lead, barium) 

(soda lime) 

(potash, lead, silicate) 

(potash, soda, barium, silicate) 

(potash, soda, lead) 

(soda lime) 

(iron-sealing glass) 

(iron-sealing glass) 

(soda, potash, borosilicate) 

(soda, potash, borosilicate) 

(soda, borosilicate) 

(soda, potash, lithia, borosili- 

(soda, borosilicate) 
(potash, lithia, borosilicate) 


1 


1 

5 






0010 
0014 
0080 
0090 
0100 
0120 
1770 
1990 
1991 
3320 
7040 
7050 
7052 
7055 
7060 
7070 






bO bi 

c c 

"g '£ 

S 6 


D 


Coming 

Coming 

Coming 

Corning 

Corning 

Corning 

Corning 

Coming 

Coming 

Coming 

Coming 

cate) 

Coming 


bD bO 

a 

'§ 1 



PROPERTIES OP DIELECTRICS 



5-123 



00 


_H 


^ 


^ 


00 


oo 


OS 


- 


co 


iO 


N 


N 








A 



>§ S3 § 



1 ^p CO OS CO CO CO CO 



CO OO 00 oo 

•*' » W (D «) O 



3 : : : »jg 



M5 iO 

oo oo «o 

M©MN 



£; © © 



CO • • ■* >o 



>^»eqi'*e<j^e>5^«0'* ovco ©con 



oooio^wNceNaoMO t*e 



«o o co »© CO OO 00 IO 

^TjioJ^O^'osTlJoOMttJCOod 



■«* 5 



»o »o t* ,-» 



NCONOOCPOON 



ONh 
CM CM 



OO IQlOO § CO 00 00* 

o «' w ■*' «> ni n ■* tji ^1 o eo » eo < 



CO ^3 Tt* r^ N O t£ ^« 
odr»iocooot^edeNiTt<ocoo 



•Or* N O OS «« ua 
OO lO OS «o t» CO oo CO 

COCOCO^Wr^OSrJHiOTtJrlicOCOCOC^ 



co iq cm r»« •«>« n © t*.»-i 

OONiOiHOOOidcDOOOMtH 



« M b O 
t^ JO ^ O oJ CO CO CO ^ N 



CO CO O CO CM IQ tO 
OO IQION NT* O0 OO 

C4COCO^CO'<PC4-<4<CO'<*COCOCO-COt<» 
CM CM *H ,-1 T* CO CO r-* 



"* IO CO OO CO 

NONiOOlOOONCO 
«-• OO CM CO CO 



OO IQION OO ■«*< OO 00 

O CO CO ■*' i-I li OO "*' OO ■*' IO CO SO M N 

io co i-i *-h n cm tji eo 



OOiHlOJiWOOC 



N T* N ,-1 

«<* CO MS 00 N 






CM CM CM CM CM 



s s 



CM CM CM 



1 i 

8 g 



i 



8 



I 1 



CM »0 N N 

n n n n 



S S S 



1 3 i« 



l l 



o o o o 



3 8 



© 
oo 


N- 

00 
00 


O 


1 


OS 

8 


■8« 

"SB 


.s 
6 


o 




r 3 

1 


■?! 

la 


o 


O 


O 


fe 


fc 


O 



M & Ei 
S £? 5? 

Ill 

S 3 S 



5^124 



ELECTRICITY AND MAGNETISM 



tfi 
a 

55 



32 



W ft 



H 


•+-> 


no 


3 


fe 


a 


o 


v 




»H 


r/j 


03 


W 


«o 




+3 


& 




o 


o 


^ 


no 




o> 


u 


3 






tf 


otj 


H 


> 


U 




w 




J 




w 





s 







o 


























IO 














o 






00 












^ 






CO © 












X 






© 

CO 












io 


















CN 


















•o 


io io »o 


00 © 




© 








6 


io 


IO IO CN CO 


00 r* 




»o 








ceo 


n<©co©co©co© 

CN © © 00 


CO © -<** CN 

© © 




£2 








X 


iO 


iH t- >* <* 


CN l> 




"* 








o io 


O b- "5 IO 

^ © iO CO ^ 


© © 




t* 


iO © 






o 


In. i-l 


© CN 




© 


tNi © 






X 

CO 


CO © *f o 


^§^§ W § M 8 M § 


CO © <* © 
CO <<*< 




Tj« © 


■* © ^ o 

00 CN 






tJ4 ifl 


b- t-4 © ^ »0 


CN CC 




"* 


»* IO 




© 




















s. 






























X 
























CO © 
00 

© 


Tj< IO 

© 












































































































































Tj4 IO © • 


^h m 




© 


© 






o 






iO 


to, b- © © 1-1 


^H CO 




iO In, 


© iO 






X 






^©^©^©^©eO©"*© 

oo t>» © t^ © © 


<* © <* c 
© cc 




,og«© 


^g^S 


& 








Tt 


oJ4 i-H lO lO © 


r-t r- 




CN CO 


CO CO 


© 
X 


O iO 


CN IO © 
© 00 CO CO © 


CN ^ 




UJ © 

© © 


2 00 


>> 




r-4 t>. CN CO © 00 © 


Tt« © rj< © 


« «5 ^ « 
© CN 


IO © IO © 
CN l^. 


t> 






^ ^ ^ ^ ^ ^ t- 






T-l CO 


CO x* 


1 




-* 
















o 


iO o 

•<* © 


© - io io 
cn © © i* © 


co »o 




IO © 


© 

"«* © 


fa 




X 


us eo © © ■* *h cn 

CO tH "* CN CO «* t- 


rt< iti i* "3 
© © 


iO IO iO b» 

■ f* CO 


IO © © © 
IO CN 
CO io 




» 




oo o © 


00 © 




iO © 


IO 






© 


© CO 


b» 1-t b» © b» 


eo »o 




op IO 


00 iO 






X 


CO CO «0 CO <N "«4 QO 


^* N ^ O 
© i-» 


io eo io io 
© t^. 

CO 


IO © © © 
© IO 






© o 

© t- 


'© © oo 


CO © 




»o »o 


iO 






o 


iO rt< © CO © 


Tj< © 




© 00 


eo © 






X 


CO *o -^ *o <-• Tj< ■ CO 


-* t» >^ iO 
© CO 


iO © iO © 
00 rH 


© © oo © 

© IO 






r-* r-H 


."* 


rf4 © 






^ -'■. 




*-i ■ ' '"' 








1-4 






io *n 

T-t CO 




© »o 




© IO 


IO 






o 


IO w-t i-l t> © 


IO t^. 




© CN 


© 00 






X 


in © © © 00 . © © © io «o »o © 00 © 


rt» »o n*.<N 
© © 


CO © © © 

1-1 t>. 


© © rH © 
IO t-4 © 


1 




^ ,4 £ © r-4 CO © 


*""' 


1-t Tf 


tN, TJ4 






^ 


^ CO -H CN 








CO 






•o oo 




eo -* 




iO © 


iO 






o 


CH © CSl iO t» 


IO © 




r-t t- 


1-H 00 








lOONOOOONOiOOCOO^p 
tJ4 IO i-< © © CO ' iO **• CN 
£. © CO CO CN CO "* 


Tt< © "* © 

© »o 


© © © © 

© © 


00 © r-4 © 

iO CN © 






X 


^1 eo 


rt* iO 


CN -^4 






** 


(N b- CN -h © 








1-4 l^. 




»o «o «o «o «o «o *o 

IU-J3 W-tJ «*-*■» *»-*» <U 4* «U+3 <t> -»J 


«o «o 

S a <y rt 


to <o 


to «o 




J 




CN 5 


00 to © © ^ 


»o © 




© tN. 


t~ 00 


e 




00 <N <N CN CN 


CN l> 




CN CN 


iO 00 


E 


-4 






















© 


-£ ^ o o <^ 


'6 


















« CO 


© 






i 


3 

1 
4 




c 
© ^ 

1 « " 

B c 

o •♦ 
2 - 
J' 

s 


• 

c 

51 

Si 

n 

3 


3 


3 

> 

3 

3 
3 






Bakelite BM-16981 

jpreformed or prehe 
Formica XX (field 

laminate) 
Formica LE (field 

laminate) 
Dilecto (hot punchin 

XXX-P-26 (field || 


"3 fa 
IS 

o © 
»7 "O 

i 2 » 
S.s fe 




>> 

© 
IS 

a 



a 


Formica grade FF-41 

(sheet stock) 
Melmac resin 592 





PROPERTIES OF DIELECTRICS 



5-125 







3' 








CO 






3 
























CM 


CM tO 

o 


coo 

CO 










t~ 


o 


to t» 

CO CM 








CO 


CM 

CO 




© 


rH 


rH c 


) rH C 

> cc 


t N ■* O 
0O CO 
t» CO 






coo 

CO 


CO o 
CO 




CM © 

to 

CM 


CO rH 

© 


rH 


r-K 








,-H 








oo 






OS rH 

t^ »o 


CO rH <* 

o oo os 


»o o 

<N 00 


rH 

I> o 


to 

CO 


7* 


© 


' OS 




^ f »<5 Oi W 00 N N N CO CO © CM t» CO © rH C 
0& »-J CM rH tO rH © to w 
CO00 i-tr-teO M N ' ffi (C 


CO © CM © 

tO rH 

tO CM 


CO rH 

»o 












rH rH 












to 


rH 




































00 








U3 O • 
CO • 

to • 


































CM © 


CO 1> 

CO 






to - 
»o 


CM 


CO 

rH © rH 


O to 
rH o 


CM CM 


CO 


O 
© 


00 






tO *C 


■Og-. 

IO • 


co O eo o co o 

i-i O b- 
CM CM CO 


CO O CO c 
00 o 

CO rH 


tO O iO o 

eo co 
o © 


7* c 

c 

G 


CM © 

© 


CO t* 
CM 












rH rH 








o 

OS . 


o 


t* CO 


rH to 

CM O t^ 


co oo 

CO rH 


rH rH 


OS 


© 
© 


CM OS 
00 t> CO 


rH 


to © 


»o O CO o 

T-H tO 

rH CO 


CO •* P5 ifl CO O 
rH © to 

CM CM rH 


CO to CO o 

O 00 

rH rH 


CO O CO O 
eo eo 

OS OS 


t* o 
CM 

o 


CM © 
tO 


CO CM CO CO 

CM ,-< 


o 
CM 


00 


O 00 


CO Tf 


O 00 
OS CM 


CO <N 


t* 


© 


CM OS 

oo t*. to 


co o 

00 
CM 


tc 


CO O eo Q 
CO CO 


CO t- CO 00 rH © 
tO rH CM 
CM CM t>. 


CO CO CO 00 
OS t*. 

CO T-t 


CO O CO o 

rH TH 
CO CO 


*o © 

to 

© 


CO CO 


CO © CO © 


o 

tO 


CO 
OS 


CM rH 


tO rH 

rH CM CO 


rH 00 

rH CO 


© CO 


^ 


CM 

© 


00 b» 


CO O 

a 


to tO 
»o 


co o r>. o 

CM CO 


CO rH CO rH © © 
tO CM CO 
CM CM O 

CM* 


^ «5 » •* 
rH b» 

CO i-t 


.^ g cp. © 
rH © 


cog 
rH 


CO © 


CO © CO © 
CO rH 


to 

CO O 

rH 


8 

CO o 

CM 


rH rH 

©ONO 
CM CM 
CM 7* 


©to 

co co o 

CO CO CO 00 OS o 
CO O 00 
CM CM IO 


rH © CO 00 

t- «o 

CM rH 


' to ■ t>. 
t*. o © © 

to © 

rH IO 


rH 

CO © 
CO 
CO 


to 
© 

CO CO 

© 


oo b. to 

CO © CO o 

© rH 


o 

OS 
CO 


o 

CO 


s 

CO 


eo 

OS 


t^ 00 

(OONO 
00 © 


to 

CO 


CO 
OS 


o 

CO 


CO 
00 


CM 


8 


oo 
rH 

rH 


to 


O 
tO 

CO 


s 


rH 

GO 


© 

o 


to 
tC o 

© 


QO 
CO 


© 


© 
© 

CO to 

© 


rH OS 

© b- to 

CO © CO rH 



t^ © 00 © 




t^ 


^ 


ca 






o 


00 
rH 






•o 


a 
>> 

o 
08 
S 


O 

> 


© 
>> 


o 

-r» 

08 

o 


d 

a 

«H 

o 


0> 




a 


e3 


V 



T3 - 


© 


•s c 


a 


a o 


O 




>> 


fc 


eu 





•* £ 5 

*> 00 o 

►* © ^. 

"C HH M 

<D -»» •= -n 

J 

O 



<3 









"S S 







■p 


09 C_i 


.g 


CO «3 -. 




0> 


05 


"S w 




t) "O T3 








» o 




5 cj "<3 
£ ca co 







Tt'S 


o 


5 w 




fc 



6-126 



ELECTRICITY AND MAGNETISM 



« 
n 

Q 
«! 

CO 
CO 
PL, 







© 






























O CM 
GO CO 














^ 








CM O CM O 






X 








»0 rH 






«o 














<N 












© 




Tj< t& © «"H 

CM eO CM OS CO CO 




CM CO CM O 
CO 00 00 CD CO 








rH CM T* 




NO N©NW5N"*NH 

00 »o o o »o 






X 








,_ rH tH rH CO 






rH 














© 




Ui Hi CM <N 

CM 00 CM b- CO CO 


CO 


oo oo 




rj< 00 »o M* 
OS 00 CO 00 






r ~' 




NK5NHNOMO 


CM «t 


N "ON N 




CM»OCMCOCMrHCM00 






X 




rH CO , »0 




»o l> 










eo 










































OS "* 














© 

X 








CM CO 




CO 














oo b- os os 




















CM O 




CM rH 

»o 














N "5 N O N ON O 








































rH CM Tj* <M 














CO 






































© 




it} CO CO CO 
(N (N CO CO 


co 

CM 


Hi CM U3 O 

oo os oo b» © © oo ^ 






X 




<N<N<NO<NOSCN<N 
y i-t CO <* 


CM « 


CM — CM O CM* O CM O e ^9 c0 9 c ' i *5 c0 2 

00 rH OS CM IQ CO r* m 

rH rH CO CO CM CO »0 


09 

a 




*-• 




















CO 


t» cm b- "2 i2 — 




o 
X 




CM (N CO CO 


CM 


ooooooo rf rH os co 


£ 






NNNONOONO 
y CM CO 


CM r- 


CM»OCOCMCMOCMQ COOCOOCMO^O 


V 








rH rH CM O CM lO >0 b- 


a 




































co 


00 "* °° _u 2 




o 




<N <N CO CO 


CM 




fe 




X 

r-l 




NNNOONHNOO 
y CM CM 


CM — 


cMOcooocooeoo T * , 2 w 2 eo 2* f5 2 

CO CM Tt< lO"*00«O 
rH CM CO b- »C b- 00 »0 




© 




io o »o co 

(M CM CO CO 


CO 
CM 


CO oo *o © 
OSCMCOb-COCMO>OS"3 






X 




CM N CM b- CM 00 CM b- 

V rH CM 


CSICM ciosSHWOMOKJCOOWOMOfflO 

\/ »-hcoooooooooo 

V cMCMt«OSOS'OO'"-'00 






^ 








rH rH rH rH 










iO CO co CO 
CM CM CO CO 


CO 


CM rH 00 O © © 






o 




CM 


O^C0^00Tt»C0t>-»O 






X 




GMCMCMCOcMOStMb- 

V rH <N 


N rH MiOMOMO^OCOOtOO^OtONO 
(Mr»«(MO00C005OCM 
CNCMCOCMb-O'-'COb- 






© 




lO CO b- b- 

d CM CO CO 


CO 
CM 


© CM CO © O iO >0 

rHlO00C0COCM»OCOrH 






X 




CMCMCM«OtMrHCMOO 
y CM CM 


CM rH WiOW<DMO'00«ONOiOO'00000 

oococmoco-^oo»ojo 

^i-tCM<*eO«0»Hi-H-CM 






-• 








rH rH rH rH rH 




© 




iO CO 00 00 
<N CM CO CO 


CO 
CM 


00 O CM O CM »0 

rH CO OS CO OS b- «0 »0 CO 






!-H 

X 




CM(NCM»OCM"^CM00 
y y CM CM 


CM"* WOCOOCOOCOOOSOb-OcOOCOOOO 
CO O 00 O CO b- CM © rH O 

r _H^-t^HiOO>OOOCO 






-* 








rH rH rH l-t f 


3 

3 
| 






<« co <0 'O 

$ a 3 a * a 2 a 


CO «ocO«0«0'0'«' ' ' < 


C 

c 


> 






CO CO CM CO 
CM CM ^ CM 


CM 


O l>» CD COO »0 W3 ^* OS 
CM^b-OrHiNCMCMb- 


i 


*i 






1 


















1 chloride acetate: 
be QYNA (unmodi- 
poly vinyl chloride) 

te VG-5544 

te VG-5901, black 

te VU-1900, clear 




3 






o o 

O o o 

»o 2 ^? 

"3 CM OJ -g 

s ^ s 

1 a S 3 


O 




C 

o3 

2 




0Q 

a 
•S3 

0) 


S B © © * 

^ co co eo a 


C5 

3 






t-c 


11 .1 II 


•8 


.2^.5 >>>>>> 








>> 

.a 
> 
>> 

o 
Oh 


03 


t-B^ .9 -9 -9 








^s s s - 


O 


£> > > > 
o 

P4 













































PROPERTIES OF DIELECTRICS 



6-12? 

















































2 






© 




















































© 




-^ 








to 


































CM © 




CO o 






C4 tO 








































CM 






ft 








































© 








CO 


© 














© 






CO 






00 ■* 












00 


OS 














to 






CO 






© to © -H 


»o 














CM © 


CM 00 












CN 


r-4 






CM 


© 




cm co cq 


*o 




CM 
















c 
















"3 








o 










© 
















CO 


































to 












© © ^ © 


© 
















© 




Tt< 










Tt 




to 






to b» to 00 


© 














to to 




CO 






r-t IO 






to 


© 




to 00 © 


CM©CMCMCM©CM© 
b- © to i-t 


C 


1 














cs 


CM CI 

to 


cs 




CM 


© 
© 




CM «-» 






cc 


© "* 

to 


© 

to 


CM CO CM to CM CM 


*"* 






















cs 


















to 


to 


1-H CM T« 
































































to 




























to 














































OS 




























CO 






H «ft 








































CM i-i 




























CM 


^, 




CM i-l 








































CM 






























»o 
































CO o 

oo © oo © 


C 




to 

to 










OC 


<N 


" 




© 
CO 






,H 




















tO to 

00 © 


«ON-#«OMO 

© r* 00 © 

i-l CO 


«* 


c 
c 

10 


CM © 

to 








CM 


© CC 
00 


c 
c 
o 




CM 


<* 




CM CM 

V 




















CM © CM to 

CO i-i 
























































oo cm •«*« to 


















to 


tO 






CM 






-<* 














to to to 


00 O 00 rH 


© 
















a 


b. 






>* 






1-* © 




tfl 




CC 






00 © to 


CMOCOCMCMOCO© 

tH tO i-H to 

r-t i-l »-4 tO 


tfl 


8 

oo 

CM 














CM 


© CO 
CO 


8 

CC 




CM 


to 




CM CM CM 

V 


CM 
V 


"^ 




b- 


© 

■8 

CM 




CM to CM © CM © 

© 1-1 »-4 

i-t CO CM 


»-< © © io 


















OC 


c 






© 






u 1 














CM © 


© *-« © to 


to 








co 








■">* 






-* 








CJ 










© H CO 


■<*» © to © 
i-t CM »H 00 




to 






CO © 

© 

to 




CO 


© Tt 

to 

tO 






CM 


© 
© 




CM CM CM 
V 


CM 
V 


»o 


8 

a 


c 


8 

CO 
CM 




CM © CO CO CM »0 

© i-t r-t 
r-t CM CM 


O to © CO 
O CM © i-t 


© 
















© 
© 


t> 






© 
"3 










CM 










© to -^ 
© CM © 


to cm © © 

*h CM »-• <N 


to 


8 

00 

© 














CO 


i°4 * 
00 


© 

CM 

CO 




CM 


© 




CM CO CM 

V 


CO 

V 


© 


© 

CM 


© 


8 

© 

CO 




CO © CO to CM tM 
OS ■* © 

r-t rH r-t 


© oo to to 
O CO o o 










tr 


) 






b- 


»0 


. 




to 






<** 
















CO 








w 


) 






l-H 


OO 






© 






-i © 




CM 










© •* © 


eo»ocoocotoioo 

tO © © CM 

rH tH »H CO 


oc 


© 
5 






* 


s 


> 




•"* 


to <* 

00 

00 


c 




CM 


CM 
CM 




CM CO CM 
V 


CM 


to 


© 

to 


CO 
CO 


8 

© 




CO "* CO CM CM 00 

to © © 


i-i 












*" 






























© 






CM 00 tO © 

*H ^ 1-i rt 


00 
















3 


© 






© 

to 






r-t © 




oo 










CM CM 

r-t lO © 


COOCOCMCOtO©© 
CO ^ CO o 

i-t r-t r-t i-t 


00 


8 

CO 














^ 


© «* 

8 


o 

CX 




CM 


to 

CM 

CM 




CM CO CM 

V 


^< 


to 


© 
<* 


8 


1 




co o co co co © 
© 00 to 


r-t 










































CC 






o © O to 


















00 


CO 






CM 






«* 














© to >* 
i-l to © 


CM to CM OS 


»-' 
















00 








00 






rH © 




CM 










:o©co©co*aso© 

2 3 2 3 


© 


© 
to 

CM 






« 


c 
© 






<* 


O to 

to 


o 
o 

00 




CM 


00 




CM Ud CM 
V 


© 


CO 


© 

CO 


8 


o 

8 

. tfl 




CO ^ CO © CO i"i 
to © *» 


«© «o «o *o 
>0S>08>e8>o8 


£ 
\ 


d 
oa 


>u 


d 


> 


1 






\ 


d „J 

-*3 V 


d 

o« 




\ 


d 

03 

-*3 






d 

o3 


> 


d 

03 

-*> 




«© 

d 

03 




«© «o «o 


CM to © CO 
CM ^ CM CM 


§ 




to 

CM 




to 

CM 








CO 
CM 


00 






CM 






CM © 
CM O 




to 

CM 




to 
oo 






© 00 to 
CM 00 CM 


0) tt 










© 

© 
© 




*>> 

a 










d 






oj 




03 














a a 










a> 




> 










A 






V 




a> 














Wo £ o 












T3 

a 










o 


8 

CO 

o 




J? 




03 












w 


Kg* jz: §• 










^ 




o3 
a> 
d 

0) 

1 




to 






o 

© 




0) 
O 




o 

-d 
o 


© 








"3 

-+3 


a oo 
>> os 


Vinylite V 
(acetate 

Vinylite V 

(acetate 

Geon 2046 






© 
o 

o 

3 




c 
> 




a> 
3 
o 
3 


d 

o3 






o 

3 






O 

© 

03 
hi 

■*3 


d 
o 
© 
o 


•3 
1 


to 

"o 
d 

03 








o 

03 

.a 


to 

g 8 








'o 




> 
>> 
"o 


o 


03 
GQ 






o 

"o 


"a3 




7? 


>> 


> 








> 

Pi 


o P 




























Ph 












Pi 






Ph 






Pi 























C^12§ 



EliECTRICITY AND MAGNETISM 






.« 
■P 



:S 

O 

'« 

o 

s 










o 




b. 














^ 














O 


»o 
d cn 


•o 
ci CN 












X 


CO 


1-1 












to 
















CN 




















CO 


>* 


CI 






© 

X 


to to to us 


lO CO "O M « iO t!< © tO 


b- 


•O b- 








CO -* o» © 


N^NlONNNWHH 


CN tO 


CN -^ 


(N CO 
CO 




















© 


CO CO CO O © 
tO •>* to CO O © to 


to . ■*** CO CO CO 
to CO to to to kfti-t© 


b- 


"4* 
to CO 


CO 
CO 






*-* 


NiONHNNCINN® 


NWN^N»NWHH 


CN ft 


CM "«»« 


CN CO 

© 






X 


CO to t- to b- 


CO 










CO 


















■+- 4— 


-t- 


•«- 
























iO rt< CO "* +- 




b. 


IO -H- 


fe 






o 












© 

CI CI 




ifl WJ ifl N O K5 N 
NWNNNONN 




b- 

CN © 


tO © 


CO 
CI b- 






X 












© 




'""' 




■** 










CO 


































tO ^ to -^ 




b- 


to 


rj< 






o 


to tO to 






to . iO to to 




b- 










ft 








NhNMNHPIN 




N H 


CN CO 


CI r-> 


OQ 

a 

o 




X 


to © co 






V V ~ 










© 


© © o» «-• © 

- CO CO © t- b- 


© tJ< to ^ CO 

iO ■■ i<5 '■ U5 ffl »0 N O 


CO 
b- 


»0 
tO 


S 


O 

d 

V 

d 
o* 

CD 




x 


. d©CN©CI©CN©CIC 

b- © <n Or 

i-t CM ~* C 


V V V ■; "* 


CN CN 


w s 




o 


CO CO cn © © 

<o v © b» *■» co 


o ■«* © "* CO 
lOb-iO «5 (N W t» O 


8 


»o 

"0 CO 


CI 


fe 




X 


CNCNCNtOCNOCNgciC 
O ■*** GO "**• C 


> <N©0*CNCN'*<N©*-tCN ^ "* 

i V V ■■ • 


CN ft 


CO to 
CO 






















rH . 














© 
X 


CO © ^f © 

b- © co co © . 


© -^ © rt< CO 

iO "S »o »o © »o o 


b- 

00 


to 

tO *-* 


b- 






j)ONOcqg«oeoc 
. ...■•• ^ CI «*< © c 


J V v v © 


(N ft 


co co 








ft cN tO CI it 


5 












** 














© 


tO co to ** 
co • b- © © co 


© -. Tft . . © <* CO 

if) >o to tO "* to © 


CM 

© 


tO 

»o 


© 

CI CO 






X 


(N O N »0 W O « O CO C 
o> «-• 'CN © C 
ft CO b- CO <* 


) NOiNHININNhhh WI> 

l V V . V V « 


C* »H 


CO CO 






ft 














© 


rt< to CN © 

© CO «* *-« CO 

d © CN © CO © CO tO CO " 


O ^ "■ ft •* c 
iO iO X5 " ©©tOr-tC 


3 to 
3 © 

■I ft oi CO 


to 

tO i-t 
CN r-* 


CI 
CN CN 


3 NONN(NM(NHr 


COCO 






X 


■ tO -* CI © C 
CN <* CO -* ' 


v v w 








^ 














o 


Ob-©© 
© . CN © "* CO 


© "st< <N ^ "J M 
iO to iO ©©tOl>© 


© 
© 


iO 
tO ft 


CI »o 






X 


CO CN © © © V V" 3 
CO © © © b" 


CI CN 


w ^ 






^ 


















««* «s *© «*„'« ^fr* ** .* ** '** ' 


«o 


* *° 








£J>!>J>J>I >I>I>J>J>J S3. 


>! 


* d 




9 




<N co rj ^- © 
ft CM CO N CO 


to © to to to 

<N CO <N (N <N 


•o 


to 

CI 


to 

CN 




■s 




1 
















6 

t-, 


rcially 
ck 

pact) 


inear: 
e 

cross- 








1 
2 




Poly aery lates: 
Lucite HM-119 (no 
placed by HM-14 

Plexiglas 


olystyrene: 
Polystyrene (comme 
molded) sheet sto 

Styron 475 (high im 
Styron 666 
Styrofoam 103.7 


tyrene copolymers, 1 
Styrene-acrylonitril 

copolymer 
tyrene copolymers, 


CN 
CI 

» -s 

d O 


2 1 

« d 








fit 


CO GO 




o J 


J 






























0u 



PROPERTIES' OE DIELECTRICS 



6-120 





























































cm b- »o 

oO b- 00 












o 








CM CO 




rH 




OS 


rH 












00 


© 


r|i 












«■" 








b- CO 




© 


«-' 


© 


© 












CO 


CO 


rf 


N WNON 


8 












CN 






Tt< CO •*' CO 




CO © 


CO 


© CM* CN 
OS iC 


CM* Tf 












CM* 


© CM* 


©CM © 


CM © 












tN 






CM tJ4 




CM 




00 














»o 


co >o 


t-h CM 
























CM 




CO <N 


T-< 


















3! n S 

00 b- 00 












c 








IO 00 




OS 




T-H 


s 






CC 






© 


© 


© 












M 








b- CO 




o 


CM 


© 






cc 




cc 


TH 


^ 


-^ 


N » N O N 


8 












«* 






* ^ <* N 
O CO 




CO © 


CO 


© co' "^ 


CO © 






CM 


b- 


CC 


•'f CM* 


© CM* 


b- CM © 


© CM 












CC 








t- 




CO b- 










^ 




CO 


© 


CO *G 


-H CO 


^ 






















«m 




^ CN 


CM 












CM 






4— ■»— 




















•1— H— 






























© © © 




















»0 CM 




00 








CO 














»o 




























I> "* 




CM 


»o 




















■«*« 


"^ 






. •*- . 


H- 


















. +-• . -r- 












• -r- 






















CM © CM © CM 


o 


















«0F o "* CO 
© CO 




CO © 


CO 


© 




CO © 














CM 


© CM 


§ 




Tt< Tf 






















3 




«o 




CM 
















T-H 




t-4 ^ 


T-H 


















1-4 rH 






IS 




CM 
















" 






• • 00 00 












C 








b- © 




«o 




© 


CM 






CN 






b- 


CM 


CM 






© OS 












CN 








b- «o 




CO 


l^ 


CM 


CO 






"<t 




00 1* 


-* 


•O 






WgCM* 


8 












oc 

CC 






•«*< © -tf CM 




CO © 


CO 


8".g 


CO "* 

© 






CN 


C 
oc 


CC 


© CM 

•O . 


© CM 
CM 


CM CM >« 

© © 






CO 


"\ 






















CO 




CO CN 


CM 












00 


rH 




00 CM •<»» 












€ 








•O T-H 




OS 




CM 


Tt< 






CM 






© 


b- 


CM 


O CO o 


»- 


: 


In. 




w 




00 




00 CO 




T»< 


»-J 


-* 


"* 






»c 




c 


o 


rf 


iO 


CO O CO O CO 

b. © 


8 " 8 w 8 




CN 


CO 


o 

OS 


^t CO ^* OO 
i-t 00 




CO © 


<*' 


© CO cc 
© cc 


CO *h 

© 






cs 


© 


Kg CM 


?« 


CO CM* © 
CO © 


r-t U3 


«-( 


" H 


CM 








CM 






CM 




© CN 


T-H 








Tt 




© 


































rn" 














T-H 


















a 




































CD »0 rH 




















CM CO 




CM 




•**< 


CM 






■«* 






CO 


© 


© 


^ CO <-h 






O 




5 




OS 




OS b- 




CO 


^ 


*o 


»o 






b. 




c 


*> 


•O 


»o 


CO O CO O CO 


o cc 


O it i O 






CO 


o 


^' O if o 




CO © 


^ 


© CO CN 


CO CM 






CM 


© 


a 


gCM* 


CM CM 


iO CM* © 


U3 CO 


CO 


»o 


cc 


• 




<«* 




CM 


CM OS 




OS 




IS t> 


-* 








Tf 




^ 


t-h CM 


-t iO 


' H \ 


" 


cn 










CO 


H T-H 




»-t 




b- CM 


T-H 








«^ 




»o ; 

CM 






tO CM O 












CO 








T-H IO 




»o 




l>» 


bi» 






OC 






»o 


O 


»o 


CM OS i-t 












OS 


»c 


o 




© 00 




CO 


b- 


© 


IO 






OC 






M5 


»o 


© 


CO CM CO O CO 


oo 












CO 


"<*" 


8 


IO "^ -^ IO 




CO © 


ir 


© CO o 


CO T-H 






CM 


© 


Tt 


© CM* 


t-H CM* 


tO CM © 


o «-h 


OS 












CO 




CO 00 








co CO 










CM 


tH 


8 : 


CM 


© 


t-H CO 


















<* 






" 




b- CM 


T-H 








CM 








i-t <N OS 












CO 
CN 








T* IO 




t* 




CM 


,_, 






CC 






00 


© 


© 


CO OS i-H 












c 


b- 






-h os 




© 


CO 


00 


© 






o: 






»o 


"3 


© 


CO *o CO ^ CO 


00 

co 












CM 


^J* 


8 


•O M3 




co" © 


iO 


© CO cc 
CM O 


co oo 
© 






<N 


CM 
© 


S 


© CM* 

8 


© CM 


"«!»< CM iO 
CM 


t-H 


















»o 


f-l l-H 








© <N 




























































CM* 






»C © CM 
CO © CM 


Tf 




cc 






cc 


b. 


•o 




CO -* 
CM © 




© 


^ 


© 
© 


CO 
co 






Tt 

o: 






* 


© 


© 
© 


CO ' t-h Tf< 00 CO* 


CO CO 


CC 


^ 


c 


■•• 




^ 


<*' 


8 


»0 CO »0 r-t 




CO* Tf 


©' 


© CO CC 


co oo 






CNl 


Tf 


CC 


© CM* 

8 . : 


"<f CM 


*0 CM © 


iO o 


T* 


«: 




03 










^-t «o 




CM 




IO tH 


CO 








CM 


cc 






T-H 


















CO 


CM r-i 








© tH 














































~ 














»o 

CM 


















CO 




































b- CM CO 












CN 








t> CO 




t* 




ce 


■* 






■* 








T^ 


© 


© 


CO © CM 












CN 


oc 


Os 




"«♦< rl 




© 


CO 


© 


© 






0= 








c© 


»o 


© 


CO CO ^ CO CO 


CO 












o 


«* 


© 


IOIOW5H 




CO t- 


t> 


© co oo 
© co 


CO t-H 






CM 


00 






cm' 


"5 CM 


© CM b> 


»o b- 


CO « 
















CO 


co os 








CO 








•<*) 






























b» 


CO rH 








CM 
















' 






<o «o 


*o 


. «c 




«o 






*o 




«© 


*o *o 




*o 




«o <« 


«© 








•o 




<o 


<b 


«© <o 


* a * a ■>"? 


J> 


1 


^ 


fl 
'3 






fl 


> 


fl 

e3 


V* fl V* fl 

> 08 >• 08 




>! 


\ 


C >* fl 

08 >■ oi 


*> 08 






>| 


\ 


fl« 


Ii 


!%r! 


U» IO i£ 


»o 




»0 






»o 




«o 




»o «o 




>o 


W2 


iO 


U3 






b. 




b. 


iO 


»o 


© 


cn cm eM 






CN 


. 


































CM 


















•8 
















































E 
j 

i 
























"8 




•a 






m 


R-21C 

flexible) 

rigid) 














© 

CM 

6 

a 
>> 
"So 

-d 
co 




CM © 

CM Tf 




! 


CO 

s 






g 




'c 

oi 
o 

"3 
> 




c 
§ 



a 

c 


■ 

ii 




3 

6 

0Q 


Marco resin M 
Paraplex P13 ( 
Paraplex P43 ( 


CO 

8 

fl 
o 
(-, 

o 

a 




W 
c 

"o 
> 


u 


.9 
'53 


a8 






Laskon alkyd 
(clay-filled) 

laskon alkyd 
(glass-filled) 


03 

fl 

"53 

2 
& 


.s 
go 


CO 

A 

•3 
*3 

«4 


CM 

© 

1 


00 
CM 

00 

^fl 
"8 

CO 
M 

a 
a 


as 

Ph 


-O 

3 

1 

fl 


CP 

Ih 

08 

0) 

> 

CO 




(I 

V 

o 
»-. 

03 
CO 
r» 
CO 


1 
1 


5 


Ph 

o 

2 °- 
- i 


cc 




QC 


■• 


.m 


< 




# 




a* &.: 


o 

ft 


< 


^ 


W 


m 






w 




M 


35 

fl 


§ § 
















3 












H 














15 










p 


« 


0) 





6-130 



ELECTRICITY AND MAGNETISM 






< 



o 

H 
CO 

«< 

Pm 

o 
w 



8 

w 
PH 
o 
« 

Oh 
Q 

3 

S 



1 

■g 






































O 


CO 


















X 


t»< O CO o 








iO r-t © 

cm © 








*°. 










CM* 


1-i 






© 


00 CO o 
CO OS o o 


O © 00 OS 


OS 




OS CO ^H © 


CO "«* CO © CM CO CM 
N © 00 


© CM «3 
00 OS 




X 




•■h cm »o 


rH CM rH 


l-t T-4 




rH 


-T 






— 


00 CO O 

CO CO rH •© 


rH CM l>. CM 


© 




o 


rH O OS O 


© 




X 


<NOSCOO^OS«00 


CO © CO © CM 00 CO 

© OS id 


00 CO CO 
OS T** 




CM CO CM 








CO 


CM* 








• • +- 


-r- H- 


-r- 




© 






00 Tt« 
rH CM 


2 3 8 § 


CM 

O 












. H— . 


•r- • -r- 




X 






W O -* © ^ Q 
CO CO CM © 


eo co eo ■«*« co ^ co 


NM 'Jl 








CO T* l> 


«o 00 










CM CO 00 








CO 






CM 






00 


OS 


oo »o «5 t>- 

rH O O © 


CO 




o 


CO 




»o 


o 




1-1 


CM* O 




OS 00 


eo os co oo eo © co 


CO CO rH 




X 






CM CM CO 


cm eo 
















09 
P. 
CJ 




• • CM 






r- 


O <N Tt* 


OS ts. CO OS 
rH O © © 


00 


o 


Tt< CO «5 


© 




X 


CMiOCOO«OOOQ 

rH O ON© 


CO 00 CO OS CO l>- CO 
CM CM rH 


io eo eo 




OS »H CM 














53 




rH CO 








^ 


o »-< © 


© © N © 


© 


I-, 
fa 


© 


T»< <* CM 


CM rH O rH 


rH IO 


X 


N N ^' O © O O O 
CM 00 00 r-t O 


CO t"» CO ^* CO rH CO 
CO CO rH 


CM CO OS 






O CO rH OS 








rH 


rH CO* 






U9 


O t» N 


CO CO 00 © 


© 




o 


<* 00 "* 


CM rH © rH 






X 


CM 00'*©©©©© 
CO OS «o O O 

1« rH <N rH 


CO 00 CO © CO t* CO 

»o © 


lOWN 
CM 




*"' 


lO 








rH CM <tf 


(O b- 00 rH 


© 




© 


■^ rH IO 


CM rH O CO rH 


^H IO 




FH 


N00iOO©«5«O 

tG lO rH ^H O 


eo «5 co os eo us eo 


-^ eo co 




X 


co co 


-* 




CM rH lO O 








r-l 


00 








CM O O 


© 00 00 CM 


CM 




© 


<4< CM tO 


CO ^ © CM rH 


T-* 00 




X 


'"g^S^Sgg 


eo r*. co © co r- eo 

CO CO 


«* CO t- 




rH rH CM OS 








^ 


CM CM 








CO rH © 






to OS OS ^ 

CO rH © rH 


Tt< 




© 


rf rj< ^ 






*^ 




rH 


CM O »0 © © O 






co cm eo *o eo © eo 


co eo eo 




X 


lO CM © 






CO »« rH 


IO r^ 




CO rH 












*"' 
















<o <o <o <o 


<o <o <o 


«© «o 
















>o5>e3>o3>o8 


> 03 ^> 08 ^ 08 > 


OS C^ 03 






<t> -+a <o ■*» Hi +» <v ■** 


H* >s <u -»J» iv -*» <u 


+3 <V -*> 


c 


) 


m »o ^ co 


»o »o »o »o 


>o 


o 




CM CM CM CM 


CM CM CM N 


CM 


&> 


s 












13 










a 










3 










1 & 






< 
> 




t-H £ O 

g « g g 









3 
1 


utyl rubber, 
compound 

itrile rubber 
149-11 

eoprpne 

hiokol, type 
ilicone rubbe 


rH © 

00 »o 

rH CM 








« o o © 


o 






"■3 '43 "5 to 

TO 05 Tt< ■<* 


to 
"? 






r3 r3 W W 


W 






DQ 02 OQ 0Q 


QQ 






PP 




z 




2 Eh 


• 


OQ 







Q 
"o© 

|x 

03 r-t 



■a 2 



PBOPERTIES OF DIELECTKICS 



6^131 
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TEMPERATURE IN DEGREES CENTIGRADE 
Fig. 5d-l. Dielectric constant of camphor (1), chlorocamphor (2), nitrocamphor (3), 
cyanocamphor (4), camphor quinone (5), and camphoric anhydride (6). Heavy arrow 
indicates the melting point; values are independent of frequency below 100 kc (see ref. 
2\.2) . 




~ 4 40 80 120 160 fc w V 

TEMPERATURE IN DEGREES CENTIGRADE 
Fig. 5d-2. Dielectric constant of polar hexa-substituted chloromethylbenzenes at 100 kc. 
(1) dichlorophrenitene, (2) trichlorohemimellitene, (3) tetrachloro-o-xylene, (4) trichloro- 
pseudocumene, (5) pentamethylchlorobenzene, (6) tetrachloro-m-xylene, (7) pentachloro- 
toluene (see ref . 33). 
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Table 5d-6. Relative Capacitivity of Some Semico nductobs* 



Semiconductor 


e/e v 


Ref, 


Germanium 


16 

11.83 
173 

11.6 + 

8.3 
34 

9 

11.7 
11.1 
10.1 
14.0 
16 


1 


Silicon 


1 


Ti0 2 (1) '....-. 


2 


Ti0 2 (11) •• ...'.'• 




CdS... 

ZnS. . . -. '. 


3 

4 


BaO 


5 


InP 


6 


In As ............... 


.7 


GaAs '. . . . i 


7 


AlSb '..'..: 


7 


GaSb 


7 


InSb... . . . . . 


7 







* Compiled by R. L. Sproull. 
References for Table 5d-6 

1. Briggs, H. B.: Phys. Rev. 77, 287 (1950). 

2. Schmidt, W.: Ann. Physik 9, 919 (1902); 11, 114 (1903). 

3. Kroger, F. A., and H.J. Vink: Philips, Eindhoven, 

4. Hohendahl, K: Kgl. Danske Videnskab. Selskab, Mat.-fys. Medd. 16 (2) (1938). 

5. Bever, R. S., and R. L. Sproull: Phys. Rev. 83, 801 (1951). 

6. Oswald, F.: Z. Naturforsch. 9a, 181 (1954). 

7. Briggs, H. B., K. F. Cummings, H. J. Hrostowski, and M. Tanenbaum: Phys. Rev. 
93, 912 (1954). 

6d-3i Dielectric Constants of Pure Liquids. The data in Table 5d-7 have been 
selected from A. A. Maryott and E. R. Smith, Table of Dielectric Constants of Pure 
Liquids, National Bureau of Standards Circular 514. 

Compounds are listed in alphabetical order. Empirical chemical formulas are 
given in the second column. Dielectric constants (e/e.) listed in the third column are 
"static'^ values or limiting values at low frequencies unless otherwise noted. Tem- 
peratures in column 4 are given in degrees centigrade. In the fifth column the tem- 
perature coefficients a d(*/u)/dta.nd <* - -d(log 10 e/e v )/dt. Column 6 indicates 

the temperature range in which these coefficients apply. Footnotes pertaining to 
the organic compounds are given at the end of the table, and these are followed by 
literature references, which are listed in the last column of the tables. 



Table 5d-7. Stand abd Liquids* 




Compound 


Formula 


e/e v 
20°C 


e/e v 
25°C 


o (or a) 


Benzene. 

Cyclohexane. .... . . . 


CeHe 

CeHi2 

C 6 H 5 C1 


2.284 
2.023 
5.708 


2 274 
2 015 
5.621 


0.002Q 
0.0016 


Chlorobenzene 


0.00133(a) 



* These liquids are recommended as reference standards, 
measuring cells. 



They may be used to calibrate dielectric 
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Table 5d-8. Inorganic Liquids 



6^133 



Compound 



Formula 



«/« 



a (or a) 
X 102 



Range 



Ref. 



Ammonia. 



Argon 

Bromine 

Carbon dioxide 

Chlorine. 

Deuterium 

Deuterium oxide 

Dinitrogen oxide 

Dinitrogen tetroxide 

Fluorine. .. 

Helium 



Hydrogen 

Hydrogen bromide. 
Hydrogen chloride. 

Hydrogen fluoride . 



Hydrogen iodide. . . 

Hydrogen peroxide. 
Hydrogen sulfide . . 

Iodine 

Nitrogen 

Oxygen 

Phosphorus 

Selenium 

Sulfur 

Sulfur dioxide 

Sulfur trioxide 

Water 



NH, 



A 

Br 2 

CO2 

Ch 

D 2 

D2O 

N2O 

N 2 4 

F 2 

He 



H2 

HBr 

HC1 

HF 

HI 

HzO* 
H 2 S 



N 2 
O2 
P 



SO2 



SO. 
H2O 



25 

22.4 

18.9 

17.8 

16.9 

16.3 
1.53 8 « 
3.09 
1.60* 
2.10! 
1.277 

78.25 
1.97 
2.5 6 6 
1.54 
1.055b 
,1.0559 
1.055s 
1.0539 
1.051s 
1.048 
1.228 

7.00 

3.8* 

6.35 
12. 

4.6 
17 6 
13 4 
Hi 
84 

3.39 

2.9« 
84.2 

9.26 

9.05 

11.! 
11.7 

13.o 

1.454 

1.507 

4.10 

4.06 

3.86 

5.40 

3.52 

3.48 
17.6 
15.0a 
14.1 

2.1o 

3.11 
78.54 
34.59 



-77.7 

-33.4 

5 

15 

25 

35 

-191 

20 

20 

-50 

20°K 

25 

-90 

15 

-202 

2.06°K 
2.30/ 
2.63 
3.09 
3.58 
4.19 
20.4°K 

-85 

25 

-15 

-113 

28 

-73 

-42 

-27 



-50 

22 



-85.5 

-78.5 

118 

140 

168 

-203 

- 193 

34 

46 

85 

250 

118 

231 

-20 



20 

154* 

18 

25 

200 



0.34 
0.7 



0.31 
0.4 



0.19 



0.34 

0.26(a) 

0.288(a) 



0.29 
0.24 



0.25 

A 

0.287(a) 
7.7 



-191, -184 
0, 50 

-65, -33 
18.8, 21.2°K 
0.4, 98 



-216, -190 



14, 21°K 
-85, -70 
-85, -15 



-51, -37 
-30, 20 



-210, -195 
-218, -183 



237, 301 



14, 140 



0, 100 
100, 370 



103 

98 

117 



58 

45, 62, 150 

96 

128 

169 

140 

9,66 

17 

128 

29, 51, 52 



30, 83, 145, 152, 

169 
94 
19 
115 

73, 94, 128 
19 
53 



94 

19 

196 

103 

110 

82 



36, 136, 152 
41, 128, 148 
88 



139 

87 

201 
199 
3, 8, 13 

131 

64, 71, 140 

143, 75, 80, 



Depressed numbers indicate uncertainty in that number. 
6 At pressure of 50 atm. 

c v - 3.6 X 10 8 cps. 

<*« = 78.25[1 - 4.617(10-3)« - 25) + 1.22(10" 6 )(* - 25)2 - 2.7(10~8)« - 25)3]; average deviation 
±0.04%. 
« v = 4 X 10* cps. 

1 Liquid transition and discontinuity in variation of dielectric constant with temperature at 2.295°K. 
Values reported in ref. 290 agree closely with those listed. 

g - 84.2 - 0.62t + 0.0032**. 

h Graphical data in the range 118 to 350°C show a minimum near 160° and a broad maximum near 
200°. 

* Critical temperature. 

' e/ev - 78.54[1 - 4.579(lO-<0(* - 25) + 1.19(10"5)« - 25) 2 - 2.8(10"8)« - 25) 3 ]; average devia- 
tion ±0.03%. 

k e / €v « 5321/T + 233.76 - 0.92972 7 + 0.0014172^ - 0.0000008292 T*. 
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Table 5d-9. Organic Liquids 



Compound 



Acetaldehyde. 

Acetic acid 

Acetic anhydride 

Acetone 

Acetonitrile 

Acetophenone 

Acetyl acetone (2,4-pentanedione) 

Amyl acetate 

Aniline 

Anisole (methoxybenzene) 

Benzaldehyde 

Benzene 

Benzonitrile 

Benzylamine 

Benzyl alcohol. — 

Bromal 

tn-Bromoaniline 

p-Bromoanisole 

Bromobenzene 

1-Bromobutane 

2-Bromobutane 

l-Bromo-l-butene« (bp 86°C) 

l-Bromo-l-butene« (bp 98°C) 

2-Bromo-2-butene r 

2-Bromo-2-butene s 

l-Bromo-2-chlorobenzene 

l-Bromo-3-chlorobenzene 

l-Bromo-2-chloroethane 

cis-l-Bromo-2-chloroethylene 

trans-l-Bromo-2-chloroethylene 



Formula 



C 2 H 4 
C2H4O2 

C 4 H 6 0» 

C 3 HeO 

C 2 H«N 

CsHsO 

CsHsCfe 
C7H14O2 
C 6 H 7 N 

C 7 H 8 
CyHeO 
CeHe 



C 7 HbN 



C7H9N 



CtHsO 



CaHBrsO 
CeHsBrN 
C 7 H 7 BrO 
CeHsBr 

C4HjBr 



C 4 H 7 Br 

CeHiBrCl 
C 2 H4BrCl 
C 2 H 2 BrCl 



e/e v 



21.8* 

21.1* 

6.15 
6.29 
6.62 
22.4 
20. 7 
20. 7o 
17.7 
37.5 
26.6 
17.39 
8.64 
25. 7 « 
4.75 



5.93 
4.54 
4.33 
3.89 
19. 7 

17.8 

2.284 



2.073 

1.966 
25.20 
24.02 
22.10 

5.5 

4.6 

4.3 
13.1 

9.47 

6.6 

7.6* 
13.o» 

7.06 

5.40 

7.07 
11.1 
9.26 
7.88 
8.64 
5.0s 
5.89 
6.7e 
5.3s 
6.80 
4.5s 
7.14 
7.98 
7.3i 
2.5o 



<,°c 



10 
21 
20 

40 
70 
1 
19 
25 
56 
20 
82 
25 
202 
20 
20 
20 

70 

184.6 
25 
70 


20 
20 



129 
182 
25 
40 
70 
1 
21 
50 
20 
70 
132 
20 
19 
30 
25 



-90 

-50 

-10 

25 

ca. 20 

ca. 20 

ca. 20 

ca. 20 

20 

20 

20 

-10 

17 

17 



a (or a) 
X 102 



0.205(a) 
16. 
4. 



■1.2 

0.148(a) 



1.1 



0.200 



0.157(a) 



1.6 

0.115(a) 

0.150(a) 
3.30 



0.140(a) 



Range 



-60, 40 
15,25 
At 25 



At 20 
0,50 



10,60 



0,25 



30,40 
0,70 

10, 90 



10,90 



Ref. 



8,137 



20 

160, 187, 105, 
122 
11, 20, 26, 86 

95, 175, 26 

5, 15, 16 
5, 6, 8, 39 
4, 46, 85, 106, 
113, 171 
129 
26 

46, 98, 175, 188 
129 
20,38 

10, 54, 95, 125, 
170, 178, 186, 
193, 197 

14 

60,95 



20 



20,38 
129 
82 
21 
21 
175 

42, 43, 61, 129, 
185 
69, 163, 185 



185 

31 

31 

31 

31 

58 

58 

78 



Footnotes appear at end of table. 
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Compound 



Bromocyclohexane 

1-Bromodecane 

Bromoform.... 

Bromoethane 

4-Bromoheptane 

1-Bromohexadecane 

1-Bromohexane 

Bromomethane 

l-Bromo-2-methylpropane 
2-Bromo-2-miethylpropane 

1-Bromonaphthalene 

1-Bromononane 

1-Bromooctadecane 

1-Bromoctane 

1-Bromopentadecane 

1-Bromopentane 

1-Bromopropane 

2-Bromopropane 

3-Bromo-l-propene — 

1-Bromotetradecane 

o-Bromotoluene 

TO-Bromotoluene 

p-Bromotoluene. 

1-Bromotridecane 

1,4-Butanediol.. 

1-Butanol 

2-Butanol 

2-Butanone.... 

Butyl ether 

Butyraldehyde 

Butyronitrile. 

Carbon dioxide 

Carbon disulfide 

Carbon tetrachloride 

Chloral '. 

m-Chloroaniline 

Chlorobenzene 



Formula 



CeHnBr 
CioH 2 iBr 



CHBr 3 
C 2 H6Br 



C 7 Hi6Br 
CieHjaBr 
CeHiaBr 

CHjBr 
C4H 9 Br 

CioHvBr 
CgHuBr 

CisB^Br 
CsHnBr 

CisHjiBr 
CsHuBr 

C»H 7 Br 



C»H6Br 



Ci4H29Br 
C 7 H 7 Br 



Ci 3 H 27 Br 
C4H10O2 



C4H10O 



C4H8O 
CsHisO 
C4H8O 

C 4 H 7 N 
CO2 

CS 2 



CCU 
C2HCUO 



CeHeCIN 
CeHsCl 



c/e v 


t, °C 


7.92 


25 


11.0 


-65 


4.44 


25 


4.75 


1 


4.39 


20 


9.39 


20 


16.1 


-90 


13.6 


-60 


6.81 


22 


3.71 


25 


5.82 


25 


6.30 


1 


9.82 





7.18 


25 


10. Is 


25 


4.83 


25 


5.42 


-20 


4.74 


25 


3.53 


30 


6.35 


-50 


5.00 


25 


3.89 


20 


6.32 


25 


9.90 


-90 


8.09 


25 


9.46 


25 


16.1 


-85 


7.4 


1 


7.0 


19 


3.84 


25 


4.28 


58 


5.36 


58 


5.49 


58 


4.20 


10 


32.9 


15 


30.2 


30 


17.8 


20 


17.1 


25 


8.2 


118 


15.8 


25 


18. 5i 


20 


3.06 


25 


13.4 


26 


10.8 


77 


20. 3 * 


21 


1.60 4 <- 





2.641 


20 


3.001 


-110 


2.19 


180 


2.238 


20 


4.94 


20 


7.6 


-40 


4.2 


62 


13.4" 


19 


5.708 


20 


5.621 


25 



a (or a) 
X102 



1.07 

0.105(a) 
0.196(a) 



0.7 
1.73 



2.8 

5.20 

0.87 

1.3 

1.13 

0.5 

1.9 

1.33 

0.152(a) 

3.35 
4.40 



0.80 



0.300(a) 
0.335(a) 



0.207(a) 



0.268 

0.200 
0.17(a) 



Range 



25,55 

10,70 
-30, 3< 



25,55 
25,55 

-80,0 

1,55 

-15,55 

25,55 

-35, 16 

1,55 

27,58 

-55, -39 

1,55 

-45, 55 

1,55 
1,55 



1,55 



-40, 20 
25,70 



-90, 130 

-10,60 
15,45 



Ref. 



185 
158 
185 

69, 105, 107 
23, 49, 67, 89, 
185 

65 

185, 198 
185 

67 

185 

142, 163, 185 

185 

195 

185 

198 

195 

185 

195 

141, 185 

185 
185 
141 



185 

43 

43 

43 

195 

157 

56, 146, 189 

190 

26 

146 

160 

98, 132 

26 

11 
96 
14, 100, 124, 

130, 135, 161, 

197 
100, 111, 154, 

161, 165, 197 
27 



21 

42, 95; 112, 171 
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Table 5d-9. Obganic Liquids (Continued) 



Compound 


Formula 


€/€• 


t, °C 


(or a) 
X102 


Range 
fi.fe 


Ref. 


Chlorobenzene (Continued) 




5.71 
7.28 


20 
-50 






26, 48, 49, 61, 




86, 92, 123, 






6.30 


-20 






129, 137 






4.21 


130 








1-Chlorobutane * ...... . 


C4H9CI 


7.39 
12.2 


20 
-90 


0.173(a) 


-10, 70 


69, 162 










9.94 


-50 












9.07 


-30 








3-Chloro-l, 2-epoxy-propane(epi- 

chlorohydrin) 
Chloroethane. * 


CgHsCiO 
C 2 H 6 C1 


25.6 
22.6 
6.2 9 
6.06 


1 
22 
170 
179 






20 
13 










5.13 


183 












4.6s 


185.5* 








Chloroform. 


CHC1» 


4.806 
6.76 


20 
-60 


0.160(a) 


0, 50 


60, 100, 111 




49,67,123 






6.12 


-40 . 












5.61 


-20 












3.7i 


100 












3.3 3 


140 












2.93 


180 








4-Chloroheptane 


C7H15CI 

CH3CI 

C4H 9 C1 


6.54 
12.6 
12.2 
10.1 


22 
-20 
-120 
-89 


l 


-70, -20 




Chloromethane 


67,86 


l-Chloro-2-methyl propane 


167 










7.87 


-38 












6.49 


14 








2-Chloro-2-methyl propane 


C10H7CI 
C6H4CINO2 


10.96 
5.04 
37.7 

31.8 



25 
50 
80 


0.225(a) 
1.07 


-23, 30 
1,55 


77,142 


1-Chloronaphthalene 


185 


l-Chloro-2-nitrobenzene ! . 


118 










27.8 


110 












23.7 


140 












21.6 


163 








l-Chloro-3-nitrobenzene 




20.9 
I8.1 


50 
80 






118 










15.9 


110 












14.i 


140 












13.o 


160 








l-Chloro-4-nitrobenzene 


CsHitCI 
C 6 HuC1 
C 6 H 5 C10 

CsHtCI 
C3H7CIO2 


8.O9 

5.05 

6.6 

6.31 

9.47 

7.7" 

37 

31 


120 
25 
11 
25 
55 
20 
3 
19 


0.16(a) 
1.70 

2.7 
3.7 


85, 160 
1,55 

25,58 
55,65 




1-Chlorooctane 


185 


1-Chloropentane 


1 


0-Chlorophenol , . . . . 


39, 43, 176 


p-Chlorophenol 


43, 176 


1-Chloropropane 


21 


3-Chloro-l,2-propanediol 


20 






l-Gnloro^-2-propanone 


C3H5CIO 
C 3 H 6 C1 


30" 
8.7 
8.2 


19 

1 
20 






21 


3-Chloro-l-propane 


20 






c^Chlorotoluene 


C7H7CI 
C7H7CI 


7.0 

4.45 

4.16 


13 
20 

58 






1 


o-Chlorotoluene 


58 




43 


tn-Chlorotoluene 




5.55 
5.04 


20 

58 






58 




43 


p-Ghlorotoluene 




6.08 
5.55 


20 

58 






58 




43 
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Compound 



Cinnamaldehyde — 

o-Cresol 

m-Cresol. . 

p-Cresol 

Cyanogen 

1,3-Cyclohexadiene. . 
1,4-Cyclohexadione . 
Chlorocyclohexane . . 



Cyclohexanol . , 



Cyclohexanone. 



Cyclohexyltrifluoromethane . 
Cyclopentanol 



Cyclopentanone 

Decanol... 

m-Dibromobenzene 

o-Dibromobenzene 

p-Dibromobenzene 

^-2,3-Dibromobutane. . . . 
meso-2,3-Dibromobutane . 
1,2-Dibromoethane. ...... 



cis-l,2-Dibromoethylene 

trans-l,2-Dibromoethylehe. 



1,2-Dibromoheptane. . 
Dibromomethane 



l,2-Dibromo-2-methyl propane. 

1,2-Dibromopropane 

Dibutyl phthalate 

Dibutyl sebacate 

1,4-Dichlorobutane 

m-Dichlorobenzene. 

o-Dichlorobenzene 

p-Dichlorobenzene 

/3,/8'-Dichlorodiethyl ether 

1,1-Dichloroethane 

1,2-Dichloroethane 



1,1-DichloroethyIene 

cis-l,2-Dichloroethylene. 

trans-l,2-Dichloroethylene 

Dichloromethane 

l,2-Dichloro-2-methyl propane . 



1,2-Dichloropropane. 
2,2-Dichloropropane. 



Formula 



C 9 H 8 
CtHsO 



C2N2 
C«H 8 
CeBMfc 
CeHnCl 

CbHwO 



CeHioO 

CtHuFj 
CsHioO 

CsHsO 

C10H22O 

CaH4Br2 



C 4 H8Br 2 
C4HsBr 2 
C 2 HiBr 2 

C 2 H2Br 2 



C 7 Hi4Br 2 
CHaBrj 

C4H8Br 2 
CaHeBri 
Ci6H 22 4 

Cl8H W 04 

C4H 8 C1 2 
C 6 H4C1 2 



C4H 8 C1 2 
C 2 H4C1 2 



C 2 H 2 C1 2 



CH2CI2 
C4H 8 C1 2 



CiHeCl 2 



e/e v 


t, °c 


16.9 


24 


11.5 


25 


11.8 


25 


9.9i 


58 


2.5 2 


23 


2.6e 


-89 


4.4o 


78 


7.6 


25 


10.9 


-47 


15.0 


25 


7.24 


100 


4.8s 


150 


18.3 


20 


19.9 


-40 


11.9 


-85 


I8.0 


20 


25.5 


-20 


16.8 


-51 


8.1 


20 


4.80 


20 


7.35 


20 


2.5 7 


95 


5.75s 


25 


6.24s 


25 


4.78 


25 


4.09 


131 


7.7 2 





7.0s 


25 


2.9 7 





2.8s 


25 


3.77 


25 


7.77 


10 


6.68 


40 


4.1" 


20 


4.3" 


20 


6.43 6 


30 


4.54o 


30 


8.90 


25 


5.04 


25 


9.93 


25 


2.41 


50 


21.2 


20 


lO.o 


18 


10.65 


20 


10.36 


25 


10.3 6 * 


25 


12.7 


-10 


4.67 


16 


9.20 


25 


2.14 


25 


9.08 


20 


14.0 


-100 


10.8 


-60 


8.71 


-20 


7.22 


20 


8.93 


26 


10. It- - 


20 



o (or a) 
X 102 



11 

0.41(a) 



0.437(a) 



0.38(a) 



0.60 



1.98 

1.07 

3.07 

0.120(a) 

0.194(a) 

0.18 



Range 
t u t 2 



25,30 
15,50 



20,66 



10,55 



30,35 

30,35 

1,55 

0,50 

0,50 

50,80 



0.247(a) 



-80, 25 



-33, 20 



Ref. 



76 . 

176 

38, 99, 176 

43 

12 

158 

158 

70 

158 

24, 70, 137 



24, 70 
158 
158 
153 
158 
158 
97 

37,58 
37,58 
37 
159 
159 

10, 98, 105, 
133, 185, 26 
101 



101 
102 



21 

21 

200 

200 

185 

48 

48 

37,67 

105 

95, 112, 178 

86,92 

172, 185 



151 

130, 151 
67, 194 
167 



76 
155 
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Compound 



Formula 



«/«» 


t, °C 


14.6" 


20 


2.58 


25 


5.00 


30 


4.2 5 


25 


5.7 


20 


2.8s 


120 


4.4e 


83 


3.1s, 


83 


5.32 


25 


2.7" 


20 


6.32 





5.26 


25 


5.1 


25 


4.01 


26 


2.53 


75 


6.5 


25 


22.6 


22 


25.6 


1 


28.2 


120 


14.2 


20 


6.9i 


15 


24.30 


25 


24.3* 


25 


41.0* 


-60 


6.94 


10 


37.7 


25 


13.8 


-1 


4.335 


20 


4.34* 


20 


10.4 


-116 


3.97 


40 


2.12 


180 


1.8. 


190 


1.5 3 


193. 3* 


19.4 


20 


12.8 


21 


5.42 


25 


4.76 


60 


4.24 


20 


4.22 


30 


3.88 


60 


5.42 


30 


4.90 


60 


5.86 


30 


5.34 


60 


109 


20 


58.5° 


16 


46.9 


1 


41.9 


20 


34.9 


50 


42.5 


25 


68° 


20 


9.07 


2 



a (or a) 
X102 



Range 



Ref. 



l,l-Dichloro-2-propanone 

2,5-Dichlorostyrene 

Diethyl sebacate 

m-Diiodobenzene 

o-Diiodobenzene 

p-Diiodobenzene 

cis-l,2-Diiodoethylene 

trans-l,2-Diiodoethylene 

Diiodomethane 

Dimethoxymethane (methylal) . . 
Dimethylamine 

Dioctyl phthalate 

Dioctyl sebacate 

Diphenyl 

Dodecanol 

Epichlorohydrin (3-chloro-l,2- 

epoxypropane) 
Erythritol (1,2,3,4-butanetetrol) 

1,2-Ethanediamine 

Ethanethiol. 

Ethanol 

Ethylamine 

Ethyl alcohol (see Ethanol) 

(Ethylene) glycol 

Ethylene oxide 

Ethyl ether.... 



C3H4CI2O 
CsHsCh 
C14H26O4 
C6H4I2 



C2H2I2 

CH 2 I 2 

C 3 H 8 2 

C2H7N 

C24H38O4 

C26H60O4 

C12H10 

C12H26O 

CsHsCIO 

C4H10O4 
C 2 H 8 N 2 
C2H6S 
C 2 H 6 



C2H7N 

C2H6O2 
C2H4O 
C4H10O 



Ethyl mercaptan (see Ethanethiol) 

Ethyl nitrate 

Fenchone 

Fluorobenzene 

1-Fluoropentane 

o-Fluorotoluene 

OT-Fluorotoluene 

p-Fluorotoluene 

Formamide. . . 

Formic acid 

Furfural. 

Glycerol 

Glycolonitrile 

Guaiacol (see o-Methoxyphenol) 
Heptaldehyde 



C 2 H 6 N0 3 

CioHieO 

CeHsF 

C 6 HuF 
C7H7F 



CH3NO 
CH2O2 
C6H4O2 



C3H8O3 
C 2 H3NO 

C7H14O 



30,40 



0.18 



0.270(a) 
0.297(a) 



0.224(a) 
2.0 

0.217(a) 
0.170(a) 



75, 155 



10,27 

-5,70 
-110, -20 
-20,10 

20,100 

At 20 

-40, 30 

40, 140 



0,50 



18,25 



0.208(a) 



21 

190 

175 

37 

37 

37 

31 

31 



181 

190 

47 

192 

20 

91, 97 
133 
157 

79, 116 
79, 80, 137 
56 



20 

10, 24, 44, 68, 
171 
137 
120 
14 



5, 15, 20 

153 

104, 174, 58 

163 
174 

174 

174 

183, 191 
5 



25, 80, 122 
15 
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Compound 



Heptane 

4-Heptanol 

4-Heptanone 

Hexachloro-l,3-butadiene 

1-Hexadecanol 

1-Hexanol — 

Hydrocyanic acid 

Iodobenzene . 

1-Iodobutane 

lodoethane 

1-lodohexadecane < . . 

1-Iodohexane. 

Iodomethane 

l-Iodo-2-methyl propane 

2-Iodo-2-methyl propane 

1-Iodooctane 

1-Iodopentane 

1-Iodopropane 

2-Iodopropane 

p-Iodotoluene 

Isobutyronitrile 

Isocapronitrile 

Isoquinoline 

Lactonitrile 

Linoleic acid 

1-a-Menthol 

Menthone 

Methane 

Methanol 

Methoxybenzene (anisole) 

2-Methoxyethanol 

o-Methoxyphenol (guaiacol) . . . 
Methyl alcohol (see Methanol) 
Methylamine 

iV-Methylaniline 

4-Methylcyclohexanol 



Formula 



CyHw 



C 7 Hi«0 
C7H14O 



C4CI6 

C16H34O 

CeHwO 

HCN 

CeHel 
C4H.I 



CsHJ 



CieHsal 
CeHisI 
CH3I 
C4H»I 



CgHnl 
e«HuI 
C3H7I 

C7H7I 

C4H7N 

CeHuN 

C»H7N 

C 3 H 5 NO 

CisHttO* 



CioHwO 
CioHisO 

CH4 
CH4O 



C 7 H«0 



CaHsOa 
C7H8O2 



CH 6 N 



C 7 H»N 
C7HuO 



e/e v 


t,°c 


1.924 


20 


2.074 


-90 


1.850 


70 


6.17 


22 


12.5s 


20 


15.1 


-20 


8.00 


120 


2.55 


25 


3.82 


50 


13.3 


25 


8.5 6 


75 


158.i 





114.» 


20 


4.63 


20 


6.22 


20 


8.89 


-80 


7.53 


-40 


4.52 


130 


7.82 


20 


12.3 


-90 


10.2 


-50 


3.50 


20 


5.37 


20 


7.00 


20 


6.47 


20 


8.42 


20 


10.5 


-33 


4.62 


25 


5.81 


20 


7.00 


20 


8.19 


20 


4.4 


35 


20. 4 b 


24 


15.5b 


22 


10.7 


25 


38* 


20 


2.61 





2.71 


20 


2.70 


70 


2.60 


120 


3.95 


42 


8.8«» 


18 


11.8 


-35 


1.70 


-173 


32.63 


25 


64 


-113 


54 


-80 


40 


-20 


4.33 


25 


3.89 


70 


I6.0 


30 


11.7" 


28 


11.4 


-10 


9.4 


25 


5.97 


22 


13. z 


20 



a (or a) 
X102 



0.140 



0.205(a) 



1.7 
0.35(a) 



0.63(a) 
0. 135(a) 

0. 150(a) 



1.17 



0.2 

0.264(a) 



11 

0.26(a) 
0.41(a) 



Range 
fi, h 



-50, 50 



0,100 



48,67 
15,35 

-13, 18 
18,26 

0,80 



-20, 70 



-70, 40 



1,55 



-181,-159 
5,55 



20,40 



-30, -10 



At 20 



Ref. 



50, 63, 197 



65, 160 



190 

126. 134 
74, 119 

173 

163,58 
26, 69, 162 



56, 137 



162 

162 

67 

162 

162 

142 

162, 185 

162 

162 



11 

11 

106 

15 

138,156,177 



158 
18,153 

66 
143, 179 

7 



46,98,175,188 

129, 176 
21 



182 

106, 113, 12, 20 

153 
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Compound 



2-Methylcyclohexanone. . 
Methyl ether 



Methyl nitrate 

2-Methyl-t-propanol. . 



2-Methyl-2-propanol . 



2-Methylpyridine (a-picoline) . 

Morpholine 

Naphthalene. . . 

1-Naphthonitrile . . . ... ...... 

o-Nitroaniline 

p-Nitroaniline. 

Nitrobenzene. 



m-Nitrobenzyl alcohol. . 

Nitromethane 

o-NitrophenoL 

1-Nitropropane 

2-Nitropropane 

o-Nitrotoluend. i 



m-Nitrotoluene. 

p-Nitrotoluene.. 
Octadecanol. . . . 



1-Octanol. . 



2-Octanone. 



Oleic acid.. 



Palmitic acid 

Pentachloroethane 

2,4-Pentanedione (acetylacetone) . 

1-Pentanol 

2-Pentanone 



3-Pentanone. 



Formula 



CtHi 2 
C 2 HeO 



CH3NO, 
GJiwO 



CeHtN 

C4H.NO 

CioHs 

CuHtN 

CeHeNsOi 

CeHeNOr 



C7H7NO1 
CH,N0 2 
CeHiNO, 
CH7NO2 

CtHjNOj 



CisHwO 
CsHisO 

CsHieO 
CisHmOj 



Cl6H a2 02 

C 2 HCU 
CsHsOj 
CbHwO 
CsHioO 



«/«, 



16.4 

14.o 
5.02 
2.97 
2.64 
2.37 
2.26 
1.90 

23. 6 b 

17.7 

34. 

26. 

10.9 
8.49 



7.33 
2.54 

16.o fc 

34.i 

56. s 

34.82 

20.8 

24.9 

22.7 

22." 

35.8? 

17.3 

23.24 

25.5 2 

27.4 

21.6 

11.8 
23.8 
21.» 
22.2 
3.42 
3.35 
10.34 
13.3 
11.3 
10. 3» 
12.5 
7.42 
6.10 
2.46 
2.45 
2.41 
2.30 
3.73 
25.7° 
13.9 
15. 4t 
22.0 
17. Oo 
19.4 
19.8 



t, °C 



-15 

20 

25 
110 
120 
125 
126.1 
127.6 

18 

25 
-80 
-34 

30 

50 

70 

20 

25 

85 

70 

90 
160 

25 
130 

90 
110 

20 

30 

50 

30 

30 

20 

58 
222 

20 

58 

58 

58 

63 

20 
-10 

10 

20 
-20 
100 
160 

20 

60 
100 

71 

20 

20 

25 

20 
-60 

20 
-20 
-40 



(or at) 
X10* 



0.377(a) 



0; 16(a) 



0.225(a) 
0.164(a) 



0.189(a) 

6.4 
10:1 
10.9 
15. 



0.410(a) 



0.215(a) 



Range 
ti, fa 



0.23(a) 
0.195(a) 

0.225(a) 



25, 100 



20, 90 



22,70 
90, 110 
160, 180 
10,80 
130, 211 



12,92 
50,60 
30,35 
30,35 
At 20 



20,60 



0,60 



15, 35 
-40,80 

0,80 



Ref. 



158 
153 
108 



12 

10, 60, 74, 
140 



80, 



77 



12 

149 

130, 166 

12 

175 

175 

6 ,95 



21 

55,200 

176 

200 

200 

10,60 

43 

26 

35 

43 

43 

192 

56,57 



160 



93, 121, 138, 
156, 177 

121, 127 
28, 39, 105 
5, 15, 16 
97, 119, 146 
160 

160 
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Compound 



Formula 



t, °G 



a (or a) 
X102 



Range 
fa, It 1 



Ref. 



Phenol. ........ 

Phenyl ether. 
Phosgene 



a-Picoline (see 2-Methylpyridine) . 

Piperidine 

Propane 

1,2-Propanediol 

1,3-Propanediol 

1-Propanol 



2-Propanol. 
Propene — 



Propionaldehyde. 
Propionitrile.. — 



Propyl alcohol (normal, see 1-Propanol, 
iso, see 2-Propanol) 

Propyl butyrate 

Propyl ether 

Pyridine 

Quinoline 

Salicylaldehyde 

Siloxanes 

Octamethylcyclotetrasiloxane 

Decamethylcyclopentasiloxane 

Dodecamethylcyclohexasiloxane 

Tetradecamethylcycloheptasiloxane. 

Hexadecamethylcyclooctasiloxane. . . 
C6H 18 OSi2(CH,) a SI[OSi(CH,)2]«CH, 

Hexamethyldisiloxane 

Octamethyltrisiloxane 

Decamethyltetrasiloxane 

Dodecamethylpentasiloxane 

Tetradecamethylhexasiloxane 

Stearic acid 

Styrene (phenylethylene) 

Succinonitrile. 

1,1,2,2-Tetrabromoethane 

1,1,2,2-Tetrachloroethane 

Tetrachloroethylene ,......: 

1-Tetradecanol 



CeHcO 

C12H10O 

CCI2O 



CsHnN 

CaH 8 

C1EUO2 

C»H 8 



CiH« 



CjHeO 
C,H 6 N 



C7H14O2 
CeHuO 

C9H7N 

CrHeOj 
(C 2 H«OSi)„ 
n = 4 
n = 5 



n= 1 
n = 2 
n = 3 
n = 4 
n = 5 
n = 66 w 
CisHmO* 

CsHs 

C4H4NJ 

C 2 H2Br 4 

C2H 2 Cl4 

C2CJ4 
CmHmO 



9.78 
3.65 

A.7z b 
4.34* 

■5.8*' 
1.61 

32.o 

35.0 

20.1 



18.3 
1.87 5 
1.79 6 
1.69o 
1.53o 
1.441, 
1.33i 

18. ,« 

31.o 

27.2 

24. 3 



4.3" 
3.3 9 

12.3 
9.4 
9.00 
5.05 

17a 



2.68 
2.74 

2.17 
2.30 
2.39 
2.46 
2.50 
2.72 
2.29 
2.26 
2.43 
2.32 
56.5 
53.6 
52.3 
8.6 
7.0 
8.2o 
2.30 
.4.72 
4.40 



30 

22 





20 

20 

25 
-80 
-34 

25 

20 

45 

65 

85 

90 

91. 9* 

17 


20 

50 



20 

26 

25 
116 

25 
238 

30 

20 
20 
20 
20 
20 

20 
20 
20 
20 
20 
20 
70 
100 
25 
75 

57.4 
67.7 
78 : 2 
3 

22 

20 - 
25 
38 
48 



0.32(a) 
0.7 



0.20 
0.27(a) 
0.23(a) 
0.293(a) 



0.310(a) 



0.20 



40,70 
30,50 



-90,15 
At 20 
At 20 
20,90 



20, 70 



30,40 



43, 86, 99, 129 

46, 175 

34 



12 

114 

153 

153 

80, 146, 190 



25,90 



80, 146 
108 



5 

11, 15, 20 



21 




76 




83, 35, 


106, 26 


26,105 


106 


176 




180 




180 




180 




180 




180 




180 




180 




180 




180 




180 




180 




47, 121, 


127 


177 




109,130,190 



133 



35 

72, 130, 190 

192 
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Compound 



Formula 



e/«, 



U °c 



a (or a) 
X102 



Range 



Ref. 



Toluene. 

o-Toluidine 

m-Toluidine. 

p-Toluidine 

o-Tolunitrile 

1,2,3,-Tribromopropane 

Trichloroacetic acid 

1,1,1-Trichloroethane. . . 

Trichloroethylene 

«,a,a-Trichlorotoluene . 
Tricresyl phosphate.'. . . 
Trifluoroacetic acid 

a,a, a-Trifluorotoluene . 

2-Undecanone 

Vinyl ether 

o-Xylene 

m-Xylene 

p-Xylene 



C 7 H 8 



C7H9N 



CsHtN 
C 3 H6Br 8 
C2HCI3O2 
C2H3CI3 

C2HCI3 
C7H6CI3 
C21H21O4P 
C2HF3O2 

C7H 6 F3 

CnH2 2 

C4H6O 

CsHio 



.438 
.379 

.157 

04 2 
.34 
.71 
00 
95 
45 
98 



5 

4 
5 
5 
4 

18.5*» 

6.45 

4.6 

7.1o 

7.5 2 

3.4 2 

6.9" 



18 

09 

4 

94 

568 

374 



2.270 




25 

127 

181 
18 
58 

200 
18 
58 
54 
23 
20 
60 

20 
ca. 16 
21 
40 
20 
-11 
30 
60 
14. i 
20 
20 
20 

20 



0.0455(a) 
0.243 



-90,0 
0,90 



-50 



0.266 
0.195 



-33,2 



0,28 



-20, 130 
-40, 170 



14, 42, 63, 130 
147, 152 



113 

43 

26 

113 

43 

22,43,99 

11 

164 

20 

155 

105 

28 

18,21 

144 

201a 

174 

59 

84 

2, 76, 81, 130 

2, 10, 14, 24, 76, 

81, 137, 152 
44, 76, 81, 90, 

130, 168, 184 



a v = 4 X 10 8 CPS. 

»v = 3.6X 108 cps . 
e At pressure of 50 atm. 

* Critical temperature. 

* logio e = 2.199 - 0.0079* + 0.00005*2. 
7 € / ev = (3,320/r) - 2.24. 

* e/e„ = (3,320/T) - 2.34. 

* e/tv = 12.6 - 0.061 (t + 20) + 0.0005« + 20)». 

• €/«„ = (2,160/T) - 0.39. 
« v = 5 X 108 cps. 

• e/ev = 6.94 - 0.036(< - 10) + 0.0004(t - 10)*. 
p Critical temperature = 126.9°C. 

9 cis-trans isomers. 
r Br and CH3 trans. 

• Br and CH3 cis. 

» Silicone oil of average molecular weight corresponding to this formula. 

• Value chosen to conform with the remainder of the tabulated data for this substance. 
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Table 5d-10. Representative Values of Dielectric Constant of 
Miscellaneous Commercial Dielectrics 



Material 



T, °C 



Asphalt. 

Asbestos 

Castor oil. . . . . . 

Castor oil, hydrogenated 

Chlorinated diphenyl : 

54% chlorine 

42 % chlorine 

Chlorinated naphthalene (hot-molded) 

Hydrocarbon oils: 

Transformer oil 

Cable oil. 

Mineral oil . 

Hydrocarbon waxes: 

Paraffin 

Biwax. 

Ceresin. 

Superla No. 8 

Mica, clear ruby muscovite 

Polyisobutylenes : 

Vistanex 

Vistac 



26 



25 

15 
23 

24 
24 

25 
25 
25 
25 
25 

25 
25 
25 
25 

25 
27 
25 
25 
25 
25 
25 

21 
25 



cps 



1 X 10 3 
1 X 10 6 
1 X 10 10 
1 X 10 3 
1 X 10 3 
3 X 10 9 
1 X 10 3 
1 X 10 6 

1 X 10 3 
1 X 10 3 
1 X 10 3 
1 X 10° 
3 X 10 9 

1 X 10 3 
3 X 10 9 
IX 10 3 
1 X 10 3 

1 X 10 3 
3 X 10 9 
1 X 10 3 
1 X 10 3 

1 X 10 3 
3 X 10 9 
10 3 -10 6 

2 X 10 3 
1 X 10 3 



e/e v 



2.66 
2.58 
2.55 
4.8 
4.7 
2.68 
10.3 
3.2 

5.05 
6.70 
3.78 
3.70 
2.57 

2.22 
2.18 
2.25 
2.15 

2.20 

2.20 

2.5 

2.2 

2.34 

2.26 

7.0 

2.20 
2.22 



5d-4. Dielectric Properties of Gases 

Table 5d-ll. Dielectric Constants of Reference Gases* 
(At20°Cand 1 atm) 

(e'/e v - 1) X 10 6 

Helium 65.0 + 0.4 

Hydrogen 253.8 ± 0.3 

Oxygen 494.7 ±0.2 

Argon. 517.2 ± 0.4 

Air (dry, C0 2 -free) 536.4 ± 0.3 

Nitrogen 548.0+0.5 

Carbon dioxide 922 ±1 

* Taken from Maryott and Buckley, Natl. Bur. Standards (U.S.) Circ. 537. Dielectric constants of 
other gases may be calculated from dipole moment and molar refraction data given in the above 
reference. 
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Table 5d-12. Relative Dielectric Strengths of Various Gases and 
Nitrogen-Vapor Mixtures* 



Gas or N 2 vapor mixture 

saturated at 

23°C and 760 mm Hg 

total pressure 



Pressure 
of vapor, 
mm Hg 



Relative 
dielectric 
strength 



Fluorotrichlorom ethane, CC1 3 F 

Tetrafluorodichloroethane, C 2 C1 2 F 4 . 
Trifluorotrichloroethane, C 2 C1 3 F 3 . . . 

Sulfur hexafluoride, SF 6 

Difluorodichloromethane, CCI2F2. . . 

Boron trichloride, BC1 3 

Methyl iodide, CH 3 I. 

Sulfur dioxide; S0 2 . . . 

Phosphorus trichloride, PCI 3 

Thionyl chloride, S0C1 2 

Carbon tetrachloride, CCI4 

Chloroform, CHC1 3 

Sulfuryl chloride, SO2CI2 

Chlorine, CI 2. 

Carbon disulfide, CS 2 

Fluorodichloromethane, CHC1 2 F 

Hydrogen sulfide, H 2 S 

Ethylene, C2H4. .. . 

Titanium tetrachloride, TiCl 4 

Methyl formate, HCOOCH3 

Trichloroethylene, CHC1:CC1 2 

Nitrous oxide, N 2 0. ..'• 

Phosphoryl chloride, POCI3 

Dichloromethane, CH2CI2 

Acetylene, C 2 H 2 

Trichloroethane, CH 2 C1CHC1 2 

Ethyl amine, C 2 H 5 NH 2 

Chloromethane, CH3CI 

Dimethyl amine, (CH 3 ) 2 NH 

Acetaldehyde, CH3CHO 

Fluor ochloromethane, CH 2 C1F 

Carbon monoxide, CO. . . . '.' 

Tetrachloroethane, CHC1 2 CHC1 2 . . 

Sulfur dichloride, S 2 C1 2 

Nitrobenzene, C 6 H 5 N0 2 . .■'.' 

Methyl bromide, CH 3 Br 

Ethyl ether, (C*H B )sO.- 

Methane, CH 4 . 

Ethyl alcohol, C 2 H 8 OH. 

Dichloroethane, CH 2 C1CH 2 C1 

Ethyl chloride, C 2 H 5 C1. . . 

Nitromethane, CH3NO2. 

Benzoyl chloride, CeH 6 COCl. . ... 



725 
760 
306 
760 
760 
760 
370 
760 
113 
110 
105 
180 



760 
330 
760 
760 
760 

12 
570 

65 
760 

34 
400 
760 



760 
760 
760 
760 



760 
6.8 
12.5 
0.3 
760 
495 
760 
52 
70 
760 
34 
est. 0.2 



3.0 

2.8 

2.6 

2 41 f 

2.4 

2.3 

2.2 

1.9 

1.9 

1.65 

1.65 

1.58 

1.56 

1.55 

1.50 

1.33 

1.30 

1.21 



17 
16 
15 
14 
11 
II 
10 
08 
1.06 
1.06 
1.04 
1.03 
1.03 
1.02 
1.02 
1.02 
1.02 



.02 

.00 

.00 

.00 

1.00 

1.00 

1.00 

1.00 



PROPERTIES OF DIELECTRICS 



5-149 



Table 5d-12. Relative Dielectric Strengths of Various Gases and 
Nitrogen- Vapor Mixtures {Continued) 



Gas or N 2 vapor mixture 

saturated at 

23°C and 760 mm Hg 

total pressure 



Thioacetic acid, CH3COSH. . . . 

Acetone, CH3COCH3 

Dibromoethane, CH 2 BrCH 2 Br. 
Air 



Methyl acetate, CH3COOCH3. . 
Ethylene oxide, CH 2 CH 2 

Benzaldehyde, C 6 H 6 CHO 

Acetic acid, CH3COOH 

Methyl alcohol, CH 3 OH 

Formaldehyde, CH 2 

Bromobenzene, C 6 H 5 Br 

Ethyl acetate, CH 3 COOC 2 H 5 . . . 
Tetrachloroethylene, CC1 2 :CC1 2 

Carbon dioxide, C0 2 

Aniline, C 6 H 6 NH 2 

Oxygen, 2 

Toluene, C 6 H 5 CH 3 

Benzene, C 6 H 6 

Ammonia, NH 3 (over NH 4 OH) . 

Chlorobenzene, C 6 H 5 C1 

Methylamine, CH 3 NH 2 

Diethyl amine, (C 2 H 5 ) 2 NH. 

Difluoromethane, CH 2 F 2 

Hydrogen, H 2 



Pressure 
of vapor, 
mm Hg 



210 

12.5 
760 
195 
760 

0.6 

14 

110 

760 

ca. 4 

86 

ca. 18 

760 

ca. 0.3 

760 

25 

85 



10.5 
760 
215 



760 



Relative 
dielectric 
strength 



1.00 

0.98 

0.98 

0.97 % 

0.95 

0.95 

0.95 

0.94 

0.94 

0.93 

0.93 

0.91 

0.90 

0.88 

0.87 

0.86J 

0.86 

0.84 

0.82 

0.81 

0.81 

0.78 

0.69 

0.54J 



* The relative dielectric strength is denned as the ratio of dielectric strength of the gas or nitrOgen- 
vapor mixture to that of nitrogen at atmospheric pressure and room temperature, when measured in the 
same gap. Taken from Charlton and Cooper, Gen. Elec. Rev. 40, 438 (1937). 

f Hochberg and Sandberg, J. Tech. Phys. (U.S.S.R.) 12, 65 (1942). 

X Landolt-Bomstein, " Physikalisch-Chemischen Tabellen," vol. Ill, p. 1264. 
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6d-5. Piezoelectric and Pyroelectric Constants 

Table 5d-13. Piezoelectric Strain Constants 



Substance 



Formula 



du 



du 



dzs 



1. Aluminum phosphate 

2. Ammonium dihydrogen arsenate 

3. Ammonium dihydrogen phosphate 

4. Ammonium ditartrate 

5. Barium formate 

6. Benzil 

7. Beryllium sulfate tetrahydrate 

8. Cesium tartrate 

9. Deutero ammonium dideuterium phosphate 

10. Dextrose plus sodium bromide 

11. Dextrose plus sodium chloride 

12. Dextrose plus sodium iodide 

13. Heavy rochelle salt 

14. Iodic acid. 

15. Lithium ammonium tartrate monohydrate. 

16. Lithium potassium tartrate monohydrate. . 

17. Magnesium sulfate heptahydrate 

18. Nickel sulfate heptahydrate 

19. Nickel sulfate hexahydrate 

20. Patchouli camphor 

21. Potassium dihydrogen arsenate 

22. Potassium dihydrogen phosphate 

23. Potassium ditartrate 

24. Potassium dithionate 

25. Quartz. 

26. Rochelle salt 

27. Rubidium dihydrogen phosphate 

28. Rubidium tartrate 

29. Sodium ammonium tetrahydrate 

30. Sodium bromate 

31. Sodium chlorate 

32. Strontium formate dihydrate 

33. Zinc blende 

34. Zinc sulfate heptahydrate 



A1P04 



NH4H2ASO4 
NH4H2PO4 



NH4HC4H4O6 

Ba(HCOO) 2 

C14H10O2 

BeS04:4H 2 

CS2C4H4O6 

ND4D2PO4 

CeHwOe 

2NaBr 

C6H12O6 

2 NaCl 

CeBtaOe 

2NaI 

KNaC 4 D 2 H 2 06 4D 2 



HIOs 
LiNH 4 C4H4(VH20 



LiKC4H 4 06-H20 



MgS0 4 -7H 2 
NiS04-7H 2 
NiS0 4 -6H 2 

C15H26O 
KH2ASO4 

KH2PO4 



KHC4H4O6 

K2S2O6 
Si02 



KNaC4H40 6 -4H 2 



RbH 2 P04 

Rb2C4H 4 06 

NaNH 4 C4H40 6 -4H20 

NaBrOa 



NaClOa 

Sr(HCOO) 2 -2H 2 

ZnS 

ZnS0 4 -7H 2 



±3.3 

+1.4 



±1.5 
Small 
+41 

-1.5 

+1.5 
+1.7 
-1.6 
±4.0 



7.0 

±2.7 



+31 
+48 

45.6 
+49 

0.4 
±4.7 



+8.0 

2.7 

-3.7 

-7.0 

-3.8 
3.4 



7 

0.17 
10 
-1.8 



+.7 

Very large 

See Table 

5d-14 

±18.9 

±4.4 

7.7 

+3.2 

+2.0 

2.1 

-2.1 

-2.0 

-5.3 

±6.0 



75 



-73 



±15.3 
±6.5 
-5.3 

+11.2 
-9.4 
10.0 
-2.7 
-2.9 



+13.3 



±23.5 
±4.9 



±7.6 
+6.6 



-3.2 



+0.05 



1.4 

+2.31 

+2.3 

2.25 



+23.5 
26.6 
+1.3 
1.4 
+1.3 
-4.3 
2.0 
-0.73 
-0.67 
+0.85 
Very large 
See Tablej 
5d-14 
4.5 



+22 

22.4 
-20.9 

23 
+21 
-1.0 



+11.8 
+11.7 



+2.7 



+18.7 

±19 
-2.6 
-2.4 
+2.7 
-1.75 
+2.0 
±8.5 
-3.2 



-49.8 
±31.7 



+9.4 
±10.3 



±11.5 



±2.3 

-3.: 
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Table 5d-13. Piezoelectric Strain Constants 


{Continued) 






Substance 


Formula 


dib 


dn 


<*24 


dz\ 


dz2 


dzZ 


Ref. 


35. Ammonium pentaborate tetrahydrate 

36. Barium antimonyl tartrate 


NH4B 6 8 -4H 2 

Ba(SbO)2(C 4 H406)2-H 2 

BaTi0 3 

BaTiOa 

LiNa 3 (Cr04)2-6H 2 

LiNa 3 (Mo04)2-6H 2 

KLiS04 

KB 6 08-4H 2 

NaLiS0 4 

Variable 


+13 




+6.7 


-6.6 


-1.9 


+6.9 
+3.7 
84 
190 


5* 
20 


37. Barium titanate 






-37 

-78 




7* 


38. Barium titanate ceramic 


283 

+0.9 
+9.5 

+3.7 
-3.6 


i 


5* 


39. Lithium trisodium chromate hexahydrate. . 


±2.9 
±2.5 






40. Lithium trisodium molybdate hexahydrate. 

41. Potassium lithium sulfate 




±1.3 

-2.35 

-5.4 

+0.01 

+0.25 

-0.34 




±1.9 

+5.2 
+5.6 
+0.3 
+1.9 
-1.8 


11* 
5* 


42. Potassium pentaborate tetrahydrate 

43. Sodium lithium sulfate 


0.85 
-0.23 
-0.33 


+ 1.7 


5* 
5* 


44. Tourmaline 


16 




11* 



Substance 



Formula 



<2l4 



di6 



(&>2 



dzA 



die 



Ref. 



45. Cane sugar 

46. Diammonium tartrate. 



47. Dipotassium tartrate hemihy- 

drate , 

48. Ethylene diamine tartrate 

49. Guanidine tartrate 

50. Lithium sulfate monohydrate . 

51. Rhamnose 

52. Sorbitol hexa-acetate 

53. Tartaric acid 



Ci 2 H 22 0n 
(NH4) 2 C4H40 6 



K 2 C4H406^H 2 

C6H14O6N2 

CsHuOcNs 

Li 2 S04-H 2 

C6H12O5H2O 

Cl8H 2 60l2 
C4H6O6 



+1.2 
+3.1 
+3.3 

+7.9 
-10.0 



-2.4 
-2.8 
+1.7 

+3.5 
-12.2 



+0.76 
+0.7 
1.4 
-12.2 
+8.0 



-2.0 
+5.0 
23 

+9.5 
+5.3 



+1.5 
+5.9 
-6.7 

-0.8 
+10.1 
+2.6 
-3.6 
+2.7 
0.5 
+2.0 
-0.8 



-3.3 

-8.7 
+8.6 

+4.5 
+2.2 

+16.3 
-3.0 
-8 
-2.2 
-2.2 



+0.7 
+0.6 
-0.6 

-5.3 
-11.3 
-3.9 
+1.7 
-5.0 
0.8 
+0.65 
-2.1 



-0.9 
-2.0 

+2.4 

-6.5 
-18.0 
+3.3 
-5.0 

+12.2 



-4.2 
-4.7 
+1.8 

-12.3 
-17.0 



+0.4 
+1.9 
+2.0 

-23.2 
-18.4 



+1.3 
+0.4 



-2.1 

-12.0 

2 

+9.3 
-10.8 



-4.2 
+1.1 

2 

-8.0 

+11.7 



♦According to the standards on piezoelectric crystals of the IRE [Proc. IRE 37, 1378 (1949)], we define the piezoelectric 

strain constants dik = * or dik = , „ x where i = 1, 2, 3 and k = 1 to 6; Tk = stress; Sk = strain; Di = electric 
(dTk)B (dEi)r 

displacement; and Ei = electric field. The units are coulomb/newton or meter/volt (rationalized mks). The listed num- 
bers have to be multiplied by 10~ 12 . In all cases marked by an asterisk, the IRE convention of tension being a positive 
stress has been followed. For the other values quoted the convention used is somewhat uncertain, although pressure is 
usually taken as positive. 
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Table 5d-15. Temperature Coefficient of Some Piezoelectric Strain 
Constants at Room Temperature 



Substance 


Formula 


an 


«14 


«25 


«36 


Ref. 


Iodic acid 


HI0 3 




+3.5 


-3.5 


-0.9 


3 


Lithium ammonium tar- 














trate monohydrate .... 


LiNH 4 C 4 H 4 6 H 2 




+39 


-50 


+31 


3 


Quartz 


Si0 2 


~-10 








2 






-2.15 


12.9 






1 


Rochelle salt. . . . 


NaKC 4 H 4 6 -4H 2 




See 


+49 


+ 10.9 


4 








Table 














5d-14 








Sodium ammonium tar- 














trate tetrahydrate. ... . 


NaNH 4 C 4 H 4 6 -4H 2 




+2.1 


-19 


+ 12.1 


3 


Strontium formate dihy- 














drate ..... 


Sr(HCOO) 2 -2H 2 




-8 


-3.8 


-14.7 


3 



Temperature coefficient at is denned as a** = — where 6 is the temperature, aik is measured in 

dik dd 
degrees -1 . The listed numbers have to; be multiplied by 1D~ 4 . 
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Table 5d-16. Table of Pyroelectric Constants 



Substance 



Formula 



Ref. 



1. Calamine. 

2. Cane sugar. . . 

3. Diammonium tartrate. . 

4. Dipotassium tartrate hemihydrate ...... 

5. Lithium selenate monohydrate 

6. Lithium sodium sulfate. 

7. Lithium sulfate monohydrate 

8. Lithium trisodium selenate hexahydrate . 

9. Potassium lithium sulfate . . . 

10. Resorcinol. .............. :. : . . 

11. Rhamnose. .:■ 



12. Scolecite. 

13. Strontium ditartrate tetrahydrate. 



14. Tartaric acid. 

15. Tourmaline. . 



2ZnOSi0 2 H 2 

C12H22O11 

(NH 4 ) 2 C 4 H 4 6 

K 2 C 4 H 4 6 iH 2 

Li 2 Se0 4 H 2 

LiNaS0 4 

Li 2 S0 4 H 2 

LiNa 3 (Se0 4 ) 2 -6H 2 

KL1SO4 

C6H6O2 

C 6 Hi 2 6 H 2 

CaAl 2 Si 3 Oio-3H 2 
Sr(HC 4 H 4 6 )2-4H 2 

C 4 Il606 

Variable 



2.0 

0.18 

0.95 

2.0 

5.7 

0.75 

7.7 

1.8 

1.6 

2.6 

1.2 

0.17 

0.33 

0.24 

2.7 

2.5 

0.35-0.44 



2,4 

3 

1,3 

1,3 

1,3 

1,3 

1,3 

1,3 

1,3 

3 

3 

3 

1 
4 
3 
1 



The pyroelectric constant is defined as p 



\d0 /'*- 



where D is the electric displacement and 6 the 



temperature. The units for p are coulomb/meter 2 degree (rationalized mks). The listed numbers have 
to be multiplied by 10~ 6 . They include both the true and the false pyroeffect. 
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5d-6. Ferroelectric and Antiferroelectric Properties 

Table 5d-18. Ferroelectric Crystals 
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Struc- 


Ferro- 


Curie 


Max spont. 


Small-signal dielectric 
const at room temD. 


Substance 


Formula 


ture at 


electric 


point, 


polarization, 
coulomb/ 










room 


axis 


°K 












temp. 






meter 2 


ea/ev 


tb/iv 


cc/e v 


Heavy rochelle salt 


KNaC4H 2 D 2 6 -4D 2 


monoc. 


a 


308 upper, 
251 lower 


0.37 X 10-2 
at 279°K 


2,300 
at 0up 


9.4 


9.8 


Lithium ammonium tar- 


LiNHiC^Oe-HaO 


orthorh. 


b 


106 


0.21 X 10-2 


7.2 


8.0 


6.9 


trate monohydrate 










at T<£0 








Lithium thallium tartrate 


LiTlC4H40 6 -H 2 


orthorh. 


a 


10 


0. 14 X 10~ 2 








monohydrate 










at T « 








Rochelle salt 


KNaC4H406-4H 2 


monocl. 




297 upper, 
255 lower 


0.24 X 10-2 
at 276°K 


4,000 
at 0up 


10.0 


9.6 










Cesium dideuterium arse- 


















nate , 


CsD 2 As04 


tetrag. 


c 


212 










Cesium dihydrogen arse- 












nate 


CsH 2 As04 


tetrag. 




143 










Potassium dideuterium 














arsenate 


KD 2 As04 


tetrag. 
tetrag. 




162 
213 










Potassium dideuterium 


KD2P04 


c 


4.8X10-2 


88 


88 


90 


phosphate 










at T « 








Potassium dihydrogen 


KH 2 As04 


tetrag. 


c 


97 


5.0X10-2 


62 


62 


22 


arsenate 










at T « 








Potassium dihydrogen 


KH 2 P04 


tetrag. 


c 


123 


4.95 X 10-2 


42 


42 


21 


phosphate 










at T « 








Rubidium dideuterium 


















arsenate 


RbD2As04 


tetrag. 




178 










Rubidium dideuterium 














phosphate 


RbDjP04 


tetrag. 




218 










Rubidium dihydrogen 














arsenate 


RbH 2 As04 


tetrag. 




111 










Rubidium dihydrogen 
















phosphate 


RbH 2 P04 
BaTiOa 


tetrag. 
tetrag. 


c 
c 


146 
393 




35 
—5,000 


35 

—5,000 


22 
—160 


Barium titanate 


26X10-2 














at 296°K 








Cadmium niobate 


Cd 2 Nb 2 7 


cubic 




185 


1.8 X 10-2 




—310 


(ceramics) 










at 100°K 






Lead metaniobate 
















(ceramics) 


Pb(NbOa) 2 

PbTiOa 

LiNbOa 


orthorh. 
tetrag. 
trigonal 
trigonal 


c 


843 
763 






—280 
—50 


Lead titanate (ceramics) . . 




Lithium niobate 






Lithium tantalate 


LiTaOa 


c 




23 X 10-2 






—40 












at 723°K 










KNbOa 


orthorh. 


c 


707 


3.78X10-2 
at 683°K 






—500 


Potassium tantalate 


KTaOa 

NaNbOa 

WOa 


cubic 

orthorh. 

triclinic 


c 
c 


13 
<64 
983 




76 


76 


—500 


Sodium niobate. 




—670 






Guanidine aluminum 


C(NH 2 )^1(S04) 2 - 


trigonal 


c 




0.35 X 10-2 


5 


5 


6 


sulfate hexahydrate 


6H 2 








at 296°K 








Guanidine chromium 


C(NH 2 )aCr(S0 4 ) 2 - 


trigonal 


c 




0.36 X 10-2 


5 


5 


6 


sulfate hexahydrate 


6H2O 








at 296°K 








Guanidine gallium 


C(NH 2 )aGa(S04) 2 - 


trigonal 


c 




0.36 X 10-2 


5 


5 


6 


sulfate hexahydrate 


6H2O 








at 296°K 








Guanidine vanadium 


C(NH 2 )aV(S0 4 )2- 


trigonal 


c 




0.36 X 10-2 








sulfate hexahydrate 


6H 2 








at 296°K 
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Table 5d-18. Ferroelectric Crystals (Continued) 















Small-signal dielectri-3 






Struc- 


Ferro- 




Max spont. 


const at room temp. 


Substance 


Formula 


ture at 
room 


electric 


point, 
°K 


polarization, 
coulomb/ 


















temp. 


axis 


meter 2 


€a/€i 


tb/tv 


€e/€v 


Guanidine aluminum 


C(NH 2 )3Al(Se04) 2 - 


trigonal 


c 




0.45 X 10-2 


5 


5 


6 


selenate hexahydrate 


6H2O 








at 296°K 








Guanidine chromium 


C(NH2) 3 Cr(Se04)2- 


trigonal 


c 




0.47X10-2 


5 


5 


6 


selenate hexahydrate 


6H2O 








at 296°K 








Guanidine gallium 


C(NH 2 )8Ga(Se04)2- 


trigonal 


c 




0.47 X 10-2 


5 


5 


6 


selenate hexahydrate 


6H2O 








at 296°K 








Deutero guanidine 


C(ND 2 )»A1(S04)2- 


trigonal 


c 




0.35X10-2 


5 


5 


6 


aluminum sulfate 


6D2O 








at 296°K 








hexadeuterate 



















Table 5d-19. Antiferroelectric Crystals 



Substance 


Formula 


Struc- 
ture at 
room 
temp. 


Transi- 
tion 
temp., 
°K 


Small-signal 
dielectric const 
at room temp. 




e a /e v 


€b/e v 


e c /e v 


Ammonium dihydrogen 
arsenate 


NH4H2ASO4 

NH4H2PO4 
(NH4) 2 H 3 I0 6 

ND4D2ASO4 

NH4D2PO4 

(ND 4 ) 2 D 3 I0 6 

PbHf0 3 

PbZrOa 

Ag 2 H 3 I0 6 

NaNb0 3 

NaTaOs 


tetrag. 

tetrag. 
trigonal 

orthorh. 

tetrag. 

1 trigonal 
tetrag. 
orthorh. 

trigonal 
orthorh. 
orthorh. 


216 

148 
251 

304 

243 

266 
488 
506 

227 

911 


75 

56 
143 

73 
76 


75 

56 
143 

73 


12 


Ammonium dihydrogen 
phosphate 


15.5 


Ammonium paraperiodate . 

Deutero-ammonium di- 
deuterium arsenate 

Deutero-ammonium di- 
deuterium phosphate. 

Deutero-ammonium para- 
periodate 


180 
22.5 


Lead hafnate (ceramics) . . 
Lead zirconate (ceramics) . 
Silver paraperiodate (pow- 
der) 

Sodium niobate . . 

Sodium tantalate 


90 
80 

57 

76 


670 
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5e-l. Energy Gap. The energy gap & g is the minimum energy required to excite 
an electron from the normally filled (valence) band to the normally empty (conduc- 
tion) band. The "thermal" S ff is determined from data on electron and hole concen- 
trations (n and p, respectively) in thermal equilibrium at temperature T°K. Fre- 
quently both n and p per cubic centimeter are measured and the expression 



np 



- 2.33 X 103i (~^) % T* exp (-8,/JbT) (5e-l) 

is used to obtain & g . m n and m p are the effective masses of electrons and holes, m is 
the free electron mass, and k is the Boltzmann constant. If 8 ff varies linearly with T, 
the slope of log np vs. 1/T gives the value of & g at T = 0°K. Many of the values of 
e, tabulated in Table 5e-l are obtained in less direct ways than by use of Eq. (5e-l). 

The "optical" & g is the minimum energy required to excite an electron from the 
valence band to the conduction band by an allowed optical transition. It is generally 
greater than the thermal & g . It is usually determined by measuring the optical 
absorption constant as a function of photon energy, but it can sometimes be inferred 
from photoconductivity or other measurements. In determination by optical absorp- 
tion, the absorption constant should be at least 10 5 cm" 1 in order to be sure the 
transition is allowed ("forbidden" transitions can produce absorption constants of 
the order of 10 to 10 4 cm -1 in imperfect crystals). There should be good theoretical 
arguments that the observed absorption is not caused by exciton production, or else 
the exciton binding energy should be computed and added to the optical absorption 
threshold energy. These requirements have rarely been met. The optical £> g values 
in Table 5e-l are intended primarily as estimates, and the original literature should 
be consulted to determine their reliability. 

6e-2. Mobility of Current Carriers. The mobility n of a hole or electron is the 
drift velocity per unit electric field. It can be measured directly on materials with 
sufficiently long minority carrier lifetime t. Table 5e-2 gives values from carrier 
injection, time-of -flight measurements of ju n (electrons) and mp (holes). 

The "Hall mobility" j* n w or ^ H) can be measured on a much wider group of 
materials. The Hall effect is the transverse field E y produced when a current of cur- 
rent density J x is flowing in the x direction and a magnetic induction B is present in the 
z direction. If the specimen is long and thin enough so that the shunting effect of the 
electrodes can be neglected, the Hall constant is defined as 

B - A < 6e - 2 > 

If the conductivity is exclusively by electrons, 

Ra = it^B) < 5e _ 3) 

where <r is the electrical conductivity. Expressions similar to this and to the following 
equations can be obtained for conduction exclusively by holes if /i P ( - ff) , /* p , and p are 
substituted for n n {H) , n ny and n, respectively. 
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Table 5e-l. Energy Gap & g 



Material 


Measurement 


& g 


Ref.* 


C (graphite) (P) 


T 


~0 


1 


Ge 


T 
T 



0.785-0. 0003 T 
0.75-0. 0001 T 
0.72-0 0001 T 


2 

3,4,5 

6,7 


P (black) (P) 


T 


0.4 


8 


Se (amorph) 





~2 


9, 10 


Si 
(P) 


T 



1.21-0.0004T 
1.35-0.00047 7 


11 

5, 12, 13 


Sn (gray, «) (P) 


T 


0.08 


9, 14, 15, 16 


Te 


T 



0.33 

0.32 and 0.37 


17 

18 


AlSb (P) 
(P) 


T 



1.6 

1.67-0. 0004 T 


19, 20, 21 
21, 22, 23 


BaO 





4.2 


24 


CdS 


T 



1.6 
2 4 


25, 26 

27,28 


CdSe 





1.8 


27,28 


CdTe 





1.4 


28 


Cu 2 (P) 


T 


—1 


29 


Ga As 





1.45 


23 


GaSb 


T 



0.80 
0.71 


30 
23, 30 


InAs 
(P) 


T 



~0.5 
0.35 


31 
23 


InP 





1.25 


32 


InSb 


T 



0.23 

0.23-0. 0002T 


33 

33, 34, 35, 36 


Mg 2 Ge (P) 


T 


0.55 


37 


Mg 2 Si (P) 


T 


0.7 


37 
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Material 


Measurement 


z g 


Ref.* 


Mg 2 Sn 


T 



0.26 
0.24 


37, 38, 39 
38 


PbS 


T 



0.37 

0.3 +0.00047 7 


40 
41, 42 


PbSe 





0.14 + 0.00027 7 


43 


PbTe 





0.18 + 0.00027 7 


44 


SiC (P) 


T 




44, 45 










Ti0 2 


T 



3.7 


46, 47 
46, 47 










U0 2 (P) 


T 


0.2 


48 


ZnS 





3.6 


49, 50 


ZnO 





3.37-0.0008T 


51 


w—~ 



The tabulated values are in electron volts and should be multiplied by 1.60 X 10~ 19 to obtain values L. 
mks units. The data are for single crystals unless (P) appears in the first column. Thermal values 
are designated T and are for 0°K unless the temperature dependence is given. Optical values are desig- 
nated O and are for room temperature unless the temperature dependence is given. Optical values 
should be considered as only estimates. 

* References are on p. 5-164. 



Table 5e-2. Drift Mobilities n n and h p 





Electrons 


Holes 


Ref. 




Mn 


T, °K 


Up 


T, °K 


Ge 


3,900 

3.5 X lO 7 ? 7 " 16 


300 
200-300 


1,900 

9.1 X lOT- 2 * 


300 
170-300 


1 
1 


Si 


1,200 

4.4 X lOT" 15 


300 
170-300 


500 

2.4 X lO 8 ? 7 " 23 


300 
150-300 


2 
2 



The tabulated values are in cmVvolt sec and should be multiplied by 10 ~ 4 to obtain mobilities in mks 
units (mVvolt sec). The data are for single crystals with a room-temperature conductivity less than 
0.1 mho/cm. 



References for Table 6e-2 

1. Prince, M. B. Phys. Rev. 92, 681 (1953). 

2. Prince, M. B. Phys. Rev. 93, 1204 (1954). 

The Hall effect is sometimes described in terms of the "Hall angle" 6 which is the 
angle through which the equipotential planes in a long rectangular specimen carrying 
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a current are tilted when a magnetic induction B is applied normal to the direction of 
current flow. For conduction exclusively by electrons 

* Hn (H) B (5e-4) 

For simple metals and "highly doped" (degenerate) semiconductors in which the 
energy of an electron or hole is a spherically symmetrical function of the momentum k 

Hn = »n (H) (5e-5) 

The conductivity <r of a semiconductor containing only electron carriers and with n 
carriers per unit volume is 

<r = nenn (5e-6) 

Combining (5e-3), (5e-5), and (5e-6) gives 

R =- (5e-7) 

ne 

For semiconductors in which the energy of an electron or hole is a spherically sym- 
metrical and single-valued function of the momentum k and in which the temperature 
and purity are high enough so that thermal scattering predominates, 

„»<*>= | m» (Se-8) 

and 3-51 (5e-9) 

Many reported values of mobility determined by Hall-effect experiments are the 
product of 8/3ir and the observed Hall mobility. The values of m (/ ° reported in Table 
5e-3 are simply the observed Hall mobilities, since in most solids the validity of Eq. 
(5e-8) has not yet been established. 

The above equations are all written in mks units, in which /x and yS H) are in m 2 /volt 
sec and R is in m 3 /coulomb. It is convenient to have expressions in practical units: 
cm, volt, gauss, coulomb, and sec. In these units m and ^ H) are in cm 2 /volt sec and R 
is in cm 3 /coulomb. The expressions replacing Eqs. (5e-2) and (5e-4) are 

R = Tk (5e " 10) 

and * = 10-W^B (5e-ll) 

The diffusion constants D n and D p for electrons and holes can be calculated from the 
mobilities m» and /** by the Einstein relation: 

D n =^» n (5e-12) 

If T = 300°K, D n = 0.026/x«. If Mn is in cm 2 /volt sec, D n from this equation is in 
cm 2 /sec; if /i„ is in mks units, D„ is in m 2 /sec. 

5e-3. Representative Conductivity Values. In general the conductivity is 

a = e(7ifi n ■+ pup) (5e-13) 

For intrinsic conduction, n = p. In most practical cases either n » p ("n type") 

orp»n( a p type ") . Since a depends so sensitively upon the concentration and kind 

of intentionally added chemical elements ("impurities" or "doping agents"), only 

a few typical values can be given. 

5e-4. Binding Energies of Carriers to Donors and Acceptors. Chemical additives 
or physical imperfections (vacancies, interstitials) create localized energy states 
which can provide free carriers or can trap free carriers. These are of two kinds: 
1) "donors," or "hole traps," which can release (donate) an electron to the conduction 
or valence bands; 2) "acceptors," or "electron traps," which can remove (accept) an 
electron from the conduction or valence bands. The binding energy of an electron 
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Material 


Electrons 


Holes 


Notes 


Ref.* 


M« (H) 


T, °K 


» P (H) 


T, °K 


C (graphite) (P) 


— 10 4 


300 


— 10 4 


300 




1,55 


Ge 


4,200 
3.9 X 10 7 T~ l « 


300 
150-300 






a 

b 

b,c 
c,d 


56 








56 




3,400 

9.5 x io 7 r- 18 


300 
150-300 


57 








57 










P (black) (P) 






400 


300 




8 








Si 


1,700 


300 


350 


300 


e 


11 


Sn (gray, a) (P) 


107^-15 


>250 






f 


14 15 16 










Te 






—600 


300 




58 








AlSb 


>100 


300 


>100 


300 




20,21 


BaO 


—5 


700 








59 










CdS 


—250 


290 








26 


CdTe 


—300 




>30 






28 


Cu 2 (P) 






70 


300 




60 










GaSb 


—4,000 


300 


700 


300 




30, 61, 62 


InAs 


14,000 


300 


1,900 


300 





31 


InSb 


67,000 
325,000 


300 

78 


2,400 
10,000 


140 

78 




63 
64 


Mg 2 Ge 


—170 


300 








37 










Mg 2 Si 


—125 


300 








37 










Mg 2 Sn 


3,500 


100 


2,900 
200 


100 
273 




37,38 
37,38 


PbS 


>400 


290 


>500 


290 




43, 66 


PbSe 


> 1,000 


290 


> 1,000 


290 




43, 66 


PbTe 


>1,500 


290 


>1,200 


290 




43, 66 


Ti0 2 


—0.7 


300 








48 










ZnO 


—200 


300 








52 











The tabulated values are in cm 8 / volt sec and should be multiplied by 10~* to obtain /in (£r) and n P ia) 
in mks units. The data are for single crystals unless (P) appears in the first column. 
* References are on p. 5-164. 



a For specimens with <r < 1 mho/cm at 300°K. 
6 For specimens with <r < 0.2 mho/cm at 300°K. 
e At a magnetic induction of 3,000 gauss. 
d For specimens with a < 0.1 mho/cm at 300°K. 
« For specimens with «r < 0.03 mho/cm at 300°K. 
/ *4« (fl) /W H) - 1.3. 



9 10 17 to 10 1 * carriers per cm 8 . 
* 3 to 10 X 10 14 carriers per cm*. 

»" /in (/n /MP (H) - 1-2. 

' ft values are proportional to T~l\ Mn (£r) /Mp (JGr> 
- 2.5. 



5-162 ELECTRICITY AND MAGNETISM 

Table 5e-4. Representative Values of the Conductivity a 



Material 


No. of host 

crystal 

atoms per 

cm 3 


No. of 
donors or 
acceptors 

per cm 3 


Donor 
or ac- 
ceptor 


Con- 
duc- 
tion 
type 


<r at 
290-300° K 


a at 
another T 


Ref.* 


<T 


T, °K 




C (graphite) 


1.15 X 1023 


Intrinsic 






~200 
2.6 X 10 4 


—600 
2.5 X 105 


15 
15 


67t 
67 % 


Ge 


4.41 X IO22 


Intrinsic 

8 X 10i3 
1.5 X 10" 

9 X 10i3 
8 X 10i4 


As 
As 
Ga 
Ga 


n 
n 
V 
V 


0.022 

0.05 

0.9 

0.03 

0.3 


0A5 
6 

0.5 
3 


"'78 
78 
78 
78 


56 
56 
56 
57 
57 


P (black) (P) 


1.31 X IO22 


Intrinsic 








3 


400 


8 






Si 


5.00 X IO22 


Intrinsic 
5 X 101* 
5 X lOis 
5 X 10i« 
5 X 10i4 
5 X 1015 
2 X 10i« 


As 
As 
As 
B 
B 
B 


n 
n 
n 
V 
V 
V 


1.57 X 10-6 

0.1 

0.77 

3.3 

0.4 

3.3 

10 






68 
68 
68 
68 
68 
68 
68 


Sn (gray, a) 


2.92 X IO22 


Intrinsic 
2 X lOi 8 
6 X 1018 


Sb 
Al 


n 
V 


3,000 
5,000 
3,000 


iiooo 

750 


"*78 
78 


15, 16 
15, 16 
15, 16 


Te 


2.97 X IO22 


Intrinsic 






2 






17 


AlSb 


3.45 X IO22 






V 
V 
V 




3 

0.032 
0.28 
29 


1,000 
370 
370 
370 


21 


1.5 X 1015 
1.5 X 10i« 
3.8 X 1018 


0.031 

0.30 

32 


20 
20 
20 


CdS 


4.04 X IO22 


5 X 1018 


Ga 


n 


80 







26 


GaSb 


3.49 X IO22 


Intrinsic 






0.01 


2 


500 


83 


InSb 


2.97 X IO22 


Intrinsic 






200 


700 


400 


63 


Mg2Ge 


4.63 X IO22 


Intrinsic 








50 


660 


37 






MgaSn 


3.86 X IO22 


Intrinsic 






24 






37, 38 


PbS 


3.84 X IO22 


Intrinsic 
3 X 10" 
8 X 10" 


Pb 

S 


n 
V 


0.3 


16 
54 


"77 
77 


69 
69 






69 








PbSe 


3.44 X IO22 


Intrinsic 
2 X 1018 
5 X 1018 


Pb 

Se 


n 
V 


18 (est.) 

400 

900 


20,000 
16,000 


"77 

77 


70 
70 
70 


PbTe 


2.96 X IO22 


Intrinsic 
5 X 10" 
3 X 10" 


Pb 
Te 


n 
V 


1 . 8 (est.) 

120 

40 


2,i66 
1,000 


"77 

77 


70 
70 
70 


Ti0 2 


9.5 X IO22 


1.3 X 101* 
2.8 X lOi' 


Ti 
Ti 


n 
n 


0.23 
0.04 


0.21 
0.04 


373 
373 


48t 
48J 


UO2 


2.46 X IO22 


3 X 1018 


O 


V 


0.01 


0.04 


373 


49 



The tabulated values are in mho/cm and should be multiplied by 100 to obtain o in mks 
units (mho/m.). The number of atoms per cm 3 is included for convenience, n and p mean n-type and 
p-type conduction, respectively. The data are for single crystals unless (P) appears in the " material" 
column. 

* References are on p. 5-164. 

t Parallel to c axis. 

j Perpendicular to c axis. 
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to a donor can be determined by measuring the fraction of the electrons that are 
released by the donor as a function of T (and similarly for acceptors). 

At large donor (or acceptor) concentrations the interaction between donors (or 
acceptors) modifies the binding energy. This effect has not been studied for most of 
the substances listed in Table 5e-5. In the cases where it has been studied (some 
donors and acceptors in Si and Ge) the tabulated values are the limiting values at low 
concentrations. 



Table 5e-5. Binding Energies 


of Carriers to Donors or Acceptors 


Host 
crystal 


Donor 


Binding 
energy 


Acceptor 


Binding 
energy 


Ref.* 


Ge 


As 

P 

Sb 

Li 
Fe 


0.0127 
0.0120 
0.0097 

0.01 
0.27 


Al 

B 

Ga 

In 

Au 

Co 

Cu 

Ni 

Pt 

Zn 

Fe 


0.0102 

0.0104 

0.0108 

0.0112 

0.15; 0.5 

0.25 

0.04;0.25 

0.25 

0.04; 0.5 

0.029 

0.34 


71 

71 

71 

71 

72 

73 

74,75 

74 

71,75 

71, 75 

76 

77 


Si 


As 

P 

Sb 


0.049 
0.039 
0.039 


Al 

B 

Ga 

In 

Au 


0.057 
0.045 
065 
0.16 
0.39 


11,78 
11, 78 
11, 78 
11, 78 
11, 78 


Sn (gray, a) 


Sb 


0.004 


Mg 
Al 


0.001 
0.005 


15, 79, 84 
15, 79, 84 


CdS 


CI, Ga, and vacancies 


0.03 






26, 80 








CdTe 










28 










Cu 2 






Cu vacancy 


0.3 


60 








PbS 


Pb 


0.03 


S 


0.001 


69 


U0 2 






Oxygen 


0.4 


49 








ZnS 










81, 50 










ZnO 


Zn interstitial 


0.02 






82 









The tabulated values are in electron volts and should be multiplied by 1.60 X 10 ~ 19 to obtain values 
in mks units. The values are for single crystals and for low concentrations of donors and acceptors. 
In the case of chemical additives (e.g., Fe, Cu) in germanium which are not from column III or column V 
of the periodic table, the energy levels introduced by the additive are measured from the conduction 
band if the additive is labeled "donor" and from the valence band if labeled "acceptor." The deep 
levels usually appear as trapping levels rather than as donors or acceptors. 

* References are on p. 5-164. 
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CONDUCTION IN GASES 3 

6f-l. Ionization by Electrons. The rate of ionization by electrons in a gas is 
related to the "probability" of ionization Pi. The "probability" of ionization P» by 
an electron is given in Sec. (7m-l). The ionization rate \>i is defined by 

~ = ^=| PoPiH^dv (fif-1) 

where p = 273.1 6p/T is the "reduced" pressure in millimeters of Hg, and / is the 
normalized electron distribution function. 

1. The first Townsend coefficient on, the number of ionizations per electron per 
centimeter path, is 

1 dn vi vi ,-- 9 . 

n ax Vd M-& 

a/p as a function of E/p is plotted in Figs. 5f-l, 2, 3, and 4. a% can often can be 
represented by the function 

ai = Ae-*»'* (5f-3) 

where A is a slowly increasing function of E/p. 

2. The number of ionizations per electron per volt is 

71 = I = i (m ■ mobilit y) < 5f - 4 > 

This quantity is a function of E/p only. 

5f-2. Deionization. 1. The attachment coefficient /3 is similar to on and measures 
the rate of attachment of electrons to neutral atoms. 

1 dn V a ,j>£ K N 

^-ndi'llE (5f " 5) 

1 Conduction in gases. 

2 Ionic conductivity in solid salts. 

3 Material taken from Sanborn C. Brown and W. P. Allis, Basic Data of Electrical Dis- 
charges, Tech. Rept. 83, Research Laboratory of Electronics, MIT, 1954. 
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h = *± = ^ 
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(5f-6) 



The last expression is generally used to compute h from experimental data but is cor- 
rect only if P c (collision probability) is independent of electron velocity. 
2. The ion recombination coefficient a r is denned by 



JL d n 
n 2 di 



Its dependence on pressure and temperature may be represented by 



1 T 4 , * V 



(5f-7) 



(5f-8) 



where the first term was proposed by Thomson, the second by Langevin. 
Table 5f-l. Radiative Recombination Coefficients 



Element 


a, cm 3 /sec 


T, °K 


H* 

At 

Csf 

Hgt 


10-n 
2 X 10-i° 
3.4 X 10-i° 
2.3 X 10-i° 


3100 
2000 
2000 



* Craggs and Hopwood, Proc. Roy. Soc. (London) 59, 771 (1947). 

t Kenty, Phys. Rev. 32, 624 (1928). 

t Mobler, J. Research Natl. Bur. Standards 19, 447, 559 (1937). 

Table 5f-2. Dissociative Recombination 
Gas a, ions /cc /sec 

He 1.7 X lO- 8 

Ne 2.1 X 10~ 7 

A 3 X lO- 7 

Kr 6 X 10" 7 

Xe 2 X 10~ 6 

N 2 1.4 X 10~ 6 

2 2.8 X 10~ 7 

References for Table 5f-2. 

1. M. A. Biondi and S. C. Brown, Phys. Rev. 76, 1697 (1949). 

2. B. Holt, J. M. Richardson, B. Howland, and B. T. McClure, Phys. Rev. 77, 239 (1950) 

3. R. A. Johnson, B. T. McClure, and R. B. Holt, Phys. Rev. 80, 376 (1950). 

4. A. Redfield and R. B. Holt, Phys. Rev. 82, 874 (1951). 

5. J. M. Richardson, Phys. Rev. 88, 895 (1952). 

Table 5f-3. Thbee-body Recombination Coefficients for Electrons* 



Gas 


a (at 0°C and 760 
mm), cm 3 /sec 


Est. saturation 
pressure, mm Hg 


Helium 


6.8 X 10~ 9 
6.8 X 10-n 
1.7 X 10~ 7 
1.6 X 10~ 7 


2.8 X 10 4 
2.8 X 10-* 

10 4 

10 4 


Argon 


Air 


Hydrogen. 



* H. S. W Massey and E. H. S. Burhop, "Electronic and Ionic Impact Phenomena," p. 635 Oxford 
University Press, New York, 1952. ' 
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Fig. 5f-9. Efficiency of electron attachment in nitric oxide. [N. E. Bradbury, J. Chem. 
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Fig. 5f-14. Efficiency of electron attachment in H2S. [N. E. Bradbury and H. E. Tatel, 
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Fig. 5f-15. Efficiency of electron attachment in N 2 0. [N. E. Bradbury and H E Tatel 
J. Chem. Phys. 2, 835 (1934).] * * ' 
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Fig. 5f-22. Temperature variation of the recombination coefficient in oxygen at constant 
pressure. [M. E. Gardner, Phys. Rev. 53, 75 (1938).] 

5f-3. Breakdown. Voltage. At low pressures the breakdown voltage V B is given by 

,F, -ln(l -J) («-»)■ 

where 7 = T< + ^ (5f " 10) 

is the secondary emission of the cathode attributable to ions and /or photons. 

At high pressures the breakdown voltage by streamer formation (spark) is given by 

Dd 



JV C = e ad = 38tt€ 



jue 



(fif-11) 
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Fig. 5f-23. Paschen curves for various gases. (M. Knoll, F. Ollendorff, and R. Rompe, 
"Gasentladungstabellen," p. 84, Springer-Verlag OHG, Berlin, 1935.) 
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Fig. 5f-24. Breakdown voltage in air at atmospheric pressure. (M. Knoll, F. Ollendorff 
and R. Rompe, "Gasentladungstabellen" p. 83, Springer-Verlag OHG, Berlin, 1935.) 
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Fig. 5f-25. Formative time lag for breakdown in air at low overvoltages. [L. H. Fisher and 
B. Bederson, Phys. Rev. 81, 109 (1951).] 
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Fig. 5f-26. Formative time lag for breakdown in air at high overvoltages. [R. C. Fletcher, 
Phys. Rev. 76, 1501 (1949).! 

Time Lags. The formative time lag t f is the time necessary for the initial current 7 
existing before breakdown to build up to an observable current h. 
For the Townsend mechanism 



t f = U 



log [(M - 1)/i//q] 
log M 



>U 



(fif-12) 



where t ± is the transit time for the slowest particle (ion or electron) and the multiplica- 
tion factor M has the value M = y(e^ v — 1). 
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For the streamer mechanism 
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5f-4. Electron Energy Loss 
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Fig. 5f-27. Distribution of electron energy losses in neon. [F. M. Penning, Physica 4, 286 
(1938).] 
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Fig. 5f-28. Distribution of electron energy losses in argon. [F. M. Penning, Physica 4, 286 
(1938).] 
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Fig. 5f-29. Fractional energy loss in H2. 
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Fig. 5f-30. Various power losses of an electron in a microwave discharge in helium, in 
percentage of input power. [F. H. Reder and S. C. Brown, Phys. Rev. 95, 885 (1954).] 
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Fig. 5f-31. Electron temperature and gas temperature of a discharge as a function of tube 
radius. (W. Elenbaas, " The High Pressure Mercury Vapour Discharge," p. 40, North 
Holland Publishing Company, Amsterdam, 1951.) 



5-184 ELECTRICITY AND MAGNETISM 

5f-5. Discharge Characteristics 

Table 5f-4. Normal Cathode Fall in Volts 



Cathode 


Air 


A 


He 


H 2 


Hg 


Ne 


N 2 


o 2 


CO 


C0 2 


CI 


Al 


229 

280 

285 


100 
130 
130 
93 
136 

93 
119 

130 
165 

64 

119 

131 
124 

131 

136 

124 

93 

119 


140 
162 
165 
86 
137 

86 
167 

.177 
150 
142 

59 

125 

80 

158 

177 

165 

86 

143 


170 
216 

247 

240 
240 

200 

214 
250 

94 

153 
185 
211 
223 

276 
252 
226 

184 


245 
318 

475 

447 
298 
340 

353 

275 

340 

305 


120 
150 
158 

86 
160 

220 
150 

68 

115 

94 

75 

140 

172 

152 

125 
125 


180 
233 
233 
157 
210 

157 
213 

208 
215 
226 

170 

188 
178 
197 
210 

216 
225 
216 
157 

216 


311 

290 
310 
364 

354 


525 

484 
484 

490 
480 


460 
460 

475 
410 




Ag 




Au 




Ba 




Bi 


272 




C 




Ca 

Cd 


266 
380 
370 
269 

380 
180 

224 
200 
226 
207 
421 
277 
269 
266 

277 




Co 




Cu 




Fe 




Hg 

Ir 




K 




Mo 

Mg 




Na 




Ni 




Pb 




Pd 




Pt 


275 


Sb 




9n 




Sr 

Th....... 

W 

Zn 









Table 5f-5. Normal Cathode Fall Thickness 
(d n p in cm-mm Hg at room temp.) 



Cathode 


Air 


A 


H 2 


He 


Hg 


N 2 


Ne 


o 2 


Al." 


0.25 

0.23 
0.52 


0.29 
0.33 


0.72 

0.9 

0.87 

0.8 

0.9 

0.61 

0.9 

0.9 

0.84 

1.0 

0.8 


1.32 

1.30 
1.45 


0.33 
0.69 

0.6 
0.34 

0.4 


0.31 

0.42 
0.35 


0.64 
0.72 


0.24 


C 




Cd 




Cu 




Fe 


0.31 


Mg 


0.25 


Hg 




Ni 




Pb 




Pt 




Zn 
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Table 5f-6. Normal Cathode Current Density in a Glow Discharge 
(Wsq cm X mm sq of Hg at room temp.) 



Cathode 


Air 


A 


H 2 


He 


Hg 


N 2 


o 2 


Ne 


Al 


330 
570 
240 


160 

20 

150 


90 

110 

64 

72 

90 


2.2 

3 

5 


4 

15 

8 


400 
380 


550 




Au. '. 




Cu 




Fe 




Mg 


6 


Pt 


5 




18 



Table 5f-7. Sputtered Mass in Micrograms per Ampere-second for 
Metals in Hydrogen 



Mg 


Ta 


Cr 


Al 


Cd 


Mn 


Mo 


Co 


W 


Ni 


Fe 


Sn 
55 


C 


Cu 


Zn 


Pb 


Au 


Ag 


2.5 


4.5 


7.5 


8 


8.9 


11 


16 


16 


16 


18 


19 


73 


84 


95 


110 


180 


205 



IONIC CONDUCTIVITY IN SOLID SALTS 
5f-6. Conductivity for Pure Ionic Conductors. For many ionic salts it has been 
established by transport measurements that the conductivity observed at high 
temperatures is caused exclusively by the motion of ions. This motion is possible 
because of the existence in the crystal of a small number of ionic defects— vacancies 
where ions are missing from normally occupied positions and ions in interstitial posi- 
tions in the structure. Two combinations of such defects have been observed. 
Schottky defects, occurring in the alkali halides, consist of equal numbers of positive 
and negative ion vacancies. Frenkel defects, occurring in the silver halides, consist of 
equal numbers of positive ion vacancies and interstitial positive ions. 

It is usually observed that for a certain temperature range below the melting point 
the conductivity is characteristic of the pure substance. At a temperature several 
hundred degrees below the melting point, the actual temperature depending on the 
particular specimen, there is a sharp break in the dependence of conductivity on tem- 
perature, and at lower temperatures the magnitude of the observed conductivity 
varies considerably from specimen to specimen. This behavior is explained by sup- 
posing that at high temperatures the number of defects is determined by thermal 
equilibrium, whereas at lower temperatures the number of defects may depend on the 
amount of impurity present. Hence it is to be understood that, wherever two distinct 
temperature ranges are given for the same substance in Table 5f-8, the conductivity 
m the lower temperature range is probably related to the presence of impurities. 

The conductivity can be determined by passage of direct current through the sample 
if sufficient precautions are taken, but more recently most measurements have been 
made either with current pulses of the order of 0.01 sec duration or alternating currents 
with a frequency in the neighborhood of 1,000 cps. In most cases a plot of log a vs. 
1/r is approximately a straight line, especially for the high-temperature range, indi- 
cating that the conductivity can be represented as 

a = o-o exp (-W/kT) (5f-14) 

where k is the Boltzmann constant and T is the absolute temperature. W, the 
activation energy, and <r are determined experimentally and are listed in Table '5f-8. 
The conductivity at the melting temperature has been calculated from Eq. (5f-14) if 
it is not given in the literature. 
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Table 5f-8. Conductivity fob Pube Ionic Conductobs 



Substance 


T m , °C 


<r(T m ) 


T, °C 


cro 


W(eV) 


Ref. 


LiF * 

* 


842 


3 (-3) 
6 (-3) 




3.0 (6) 

4 (7) 


1.99 
2.20 


HI 




LI 








LiCl * 

* 


606 


1.0(-2) 
1.5(-2) 
1.8(-3) 




2.51 (6) 
5 (7) 
2.5 (5) 
1.15 


1.47 
1.65 
1.42 
0.59 


HI (B5) 




LI 




400-550 
30-350 


G2 
G2 


LiBr * 


550 


1.8(-2) 
1.4(-2) 




1.41 (6) 
4.2 (5) 
3.3 


1.29 
1.22 
0.56 


HI 


350-500 
30-300 


G2 
G2 


Lil * 


452 


5 (-2) 
7 (-2) 


250-350 
30-150 


9.6 (5) 
1.8 (5) 
1.4 (-1) 


1.05 
0.92 
0.36 


HI 
G2 
G2 


NaF * 


992 


1.7(-3) 
3 (-3) 




1.5 (6) 
1.3 (3) 


2.25 
1.42 


LI 


330-980 


PI 


NaCl * 

* 

* 


800 




250-450 
550-680 


3.72 (8)/T 
2.3 (9)/r 
1 (6) 
4.3 (4) 
2.6-3.6 


1.86 
1.99 
1.90 
1.77 
0.88 


El (J6) 


1.0(-4) 
1.3(-3) 
2.K-4) 


Bl (Tl) 
LI (VI) 


* 
* 


560-800 
370-560 


PI (S2) 
PI (H5) 


NaBr * 


735 


1.3(-3) 

7 (-3) 




1 (6) 
1.5 (6) 

2 (-1) 


1.78 
1.67 
0.80 


LI (Tl) 


600-730 
250-400 


PI 
PI 


Nal * 


661 


4 (-3) 
1.9(-3) 




1.5 (5) 
8.1 (3) 
6 (-2) 


1.42 
1.23 
0.60 


LI 


350-600 
170-350 


PI 
PI 


KF * 


846 


8 (-4) 




3 (7) 


2.35 


LI 






KCl * 

* 

* 


768 


2.0(-4) 
1.9(-4) 
2.3(-4) 




2 (6) 

5.5 (5) 

1-1.5 (6) 

1.3-20 (-1) 

1-50 (6) 


2.06 
1.96 
2.02 
0.99 
1.99 


LI (Tl) 


600-725 
500-725 
250-450 
220-560 


W4 

P3 

P3 




2 (-3) 


B7 


KBr * 

* 

* 


728 


2.0(-4) 
1.5(-4) 




1.5 (6) 
1-1.3 (6) 
l-l,000(-2) 
2-20 


1.97 
1.97 
0.97 
1.06 


LI (Tl) 


500-725 

250-400 

40-440 


P3 
P3 






B7 


KI * 


680 


1.5(-4) 
l.K-4) 






3 (5) 
3-5 (4) 
9-30 (-2) 


1.77 
1.62 
0.85 


LI 


450-675 
220-400 


P3 
P3 



Table 
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5f-8. Conductivity for Pure Ionic Conductors (Continued) 



Substance 


T m , °C 


*(T m ) 


T, °C 


<ro 


W(eV) 


Ref. 


RbCl * 


717 


5 (-5) 




3 


(6) 


2.12 


LI 








RbBr * 


681 


3.5(-5) 




1.8 


(6) 


2.03 


LI 








SrF 2 
BaCl 2 


1190 


1.6(-1) 


450-1100 


1.73 


(4) 


1.36 
0.41 


CI 

(VI) 
J2 


BaBr 2 


847 


1.4(-3) 


390-750 


1.0 


(-D 


Na 2 CdCl 4 
K 2 BaBr 4 






230-350 
430-600 


2.8 
7.1 


(3) 
(4) 


0.86 
1.33 


J2 
J2 


CuCl 


426 


5 (-1) 


315-404 


4.9 


(8) 


1.25 


T7 (B5) 


a-CuBr 
0-CuBr 


491 
tr 470 


3.58 
4.2 

(2.24) 
(2.1) 


470-491 
470-488 
391-470 
421-470 


6.57 
2.1 
1.12 
1.2 


(3) 
(2) 
(2) 


0.040 
0.42 
0.25 
0.26 


T9 
Gl 
T9 
Gl 


a-Cul 


602 


1.7 


402-602 


2.5 


(2) 


0.20 


T18 


AgCl 

* 


455 


.9 (-2) 
l.K-1) 




3 
1.5 


(4) 
(5) 
(6) 


0.80 
0.90 
1.03 


K4 
LI 




250-450 


T12 


AgBr 


422 


4 (-1) 
l-O(-l) 

5 (-1) 
7.3(-l) 

6.8(-l) 




1.8 
6.3 
4.2 
1.3 
2.1 
7.2 
3.8 


(5) 
(3) 
(6) 
(7) 
(5) 
(6) 
(5) 


0.78 
0.66 
0.95 
■1.00 
0.80 
0.97 
0.82 


K4 


* 




LI 




250-419 
290-410 
200-290 
300-410 
175-300 


T12 

K5 

K5 

T2 

T2 


a-Agl 

0-AgI 


555 
tr. 144.6 


2.5 

(4(-4)) 


145-555 
125-144 


5.5 
3.9 


(6) 


0.052 
0.83 


T12 
T12 


a-Ag 2 HgIi| 






50-93 


4 


(2) 


0.37 


K2 








T1C1 


428 


5 (-3) 
3 (-3) 




2.5 
4.7 


(3) 
(2) 


0.79 
0.72 


LI (T12) 
P3 




130-390 


TlBr 


458 


5 (-3) 
2 (-3) 




1.7 
2.2 


(3) 
(2) 


0.80 
0.73 


LI (T12) 
P3 




150-400 


Til 


438 
tr. 163 


1.5(-3) 
(5 (-8)) 


163-400 
90-163 


4.2 
2.5 


(1) 
(-3) 


0.63 
0.41 


P3 (T12) 
P3 


ZnCl 2 










1.03 


(B5) 
J2 (B5) 


CdCl 2 


568 


l.K-1) 


260-520 


1.6 


(5) ' 1 
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Table 5f-8. Conductivity for Pure Ionic Conductors (Continued) 



Substance 


T m , °C 


<r(T m ) 


r, °c 


<ro 


W(eV) 


Ref. 


HgCl 2 
HgBr 2 
Hgl 2 












(H3) 










(H3) 










(H3) 












SnCl 2 












(K3) 














PbCl 2 i 


500 


5 (-3) 
5 (-3) 




1.4 
6.6 


0.47 
0.48 


G5 




100-450 


S3 


PbBr 2 


373 


3 (-3) 


200-300 


5.7 (1) 


0.55 


SI 


Pbl 2 

•II 
*_L 


402 


3 (-5) 

1 (-5) 
9 (-5) 


275-375 
270-400 


1.2 (5) 
9.8 (-4) 
2.1 (4) 
4-8 (-2) 


1.29 
0.41 
1.24 
0.38 


S3 
S3 

S4 
S4 


La20j 


2315 




1000-1300 
700-1000 
500-700 


3.8 (3) 
5.0 (1) 
3.5 (-5) 


1.94 
1.46 
0.27 


C2 (F2) 

C2 

C2 


Ce0 2 


1950 




900-1300 

600-900 

300-500 


3.0 (3) 
9.7 (1) 
5.0 (-4) 


1.45 
1.10 
0.26 


C2 (Fl) 






C2 
C2 


Pr 2 0, 
Nd 2 8 
Sm 2 8 












(F2) 










(F2) 










(F2) 












Ge0 2 


1115 




950-1080 


5 


1.41 


J4 








MgAl 2 4 t 
ZnAl 2 4 t 
Mg 2 Si04t 


2135 




900-1060 

1000-1140 

940-1160 


2.3 (-1) 
2.1 (-2) 
1.5 (-2) 


1.23 
1.08 
0.83 


J3 




J3 




J4 






Mg 2 Ge0 4 

(rhomb.) J 
(cub.)t 


tr. 1065 




1070-1150 
1000-1040 


5-6 

2.0-2.5(-2) 


1.65 
0.97 


J4 
J4 






BaMo0 4 t 

CaW0 4 t 

SrW0 4 t 






800-1050 


6 (-1) 


1 . 10 


Jl 

(Jl) 










(Jl) 












BaW0 4 t 






980-1120 
830-980 


1.4-1.8(2) 
1.7-2.3(-2) 


1.83 
0.86 


Jl 




Jl 


CdW0 4 t 






760-1090 


2-5 (3) 


1.90 


Jl 



Conductivity =» <ro exp ( — W/kT). Conductivities are expressed in ohm -1 cm -1 . Tm = melting tem- 
perature. Where no temperature interval is indicated, it is to be assumed that the data apply to a cer- 
tain temperature interval near the melting temperature. * indicates that measurements were performed 
on single crystals. Numbers are written as 3( — 3) — 3 X 10 - ». References are on p. 5-195. Additional 
References, enclosed in parentheses, refer only to the indicated substance, not to any particular data. 
II Parallel to c axis. t Conductivity is at least partly ionic. 

4. Perpendicular to c axis. * Conductivity is probably eleotronio. 
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Gf-7. Density and Mobility of Defects for Pure Ionic Conductors. The con- 
ductivity of a crystal containing several types of defects is 



= N l e < 



jXjflj 



(5f-15) 



where N is the number of molecules per unit volume of the perfect crystal and e/ is the 
magnitude of the charge, x, the mole fraction, and >/ the mobility of the jth type of 
defect. By measuring the conductivity of specimens containing known small amounts 
of impurities, it has been possible to evaluate separately the mole fractions and 
mobilities involved. In experiments of this type concerning the alkali halides it is 
usually observed that Only the cations contribute appreciably to the conductivity; 
this observation is approximately in accord with the transport measurements except 
at the highest temperature (see Table 5M0). For the other salts the type of defect 
is indicated in Table 5f-9. 



Table 5f-9. Density and Mobility of Defects for Pure Ionic Conductors 



Sub- 
stance 


T m , °C 


T, °C 


Xq 


E(eV) 


Mo 


U(eV) 


Notes 


Ref- 


LiF * 
LiCl * 
LiBr * 
Lil * 


842 
606 
550 
452 




5.0(2) 

17.0(2) 

8.1(2) 

5 (2) 


2.68 
2.12 
1.80 
1.34 


6.1(-1) 
3.15(-1) 
4.5(-l) 
6.5(-l) 


0.65 
0.41 
0.39 
0.38 


a 
a 
a 
a 


Hl 
HI 
HI 
HI 


NaCl * 

* 

* 


800 


250-400 
550-680 
160-250 


5.4 

1.4(2) 


2.02 
2.42 


1.96(4)/7 7 

4.6(3)/T 

6.3(5)/^ 


0.85 
0.78 
0.98 


a 
a 
a 


El 
Bl 
Bl 


KC1 * 


768 


60O-725 


1.02(1) 


2.08 


3.1 


0.78 


a 


W4, R6 


AgCl 


455 




3.6(1) 


1.08 


1.2(-1) 


0.26 


b 


K4 


AgBr 


422 


200-290 
175-350 


2.9(1) 
1.9(2) 

5.3(2) 


0.86 
1.19 

1.27 


9.5(-l) 

1.5(2)/7 7 
1.9(4)/7 7 
6.K-2) 
1.83 


0.36 
0.20 
0.48 
0.15 
0.36 


b 
c 
d 
c 
d 


K4 
K5 
K5 
T2 
T2 


SrF 2 


1190 


450-700 


3.9(-2) 


0.65 


3.5(1) 


1.04 


e 


CI 



Mole fraction of defects x - x exp (-E/2kT). Mobility n = no exp (- U/kT) in cm2 volt'i sec" . 
Numbers are written as 6.1(- 1) -» 6.1 X 10"». * indicates single crystal. References are on p. 5-195. 
a fi (cation vacancy). 

* Assuming /i(Ag vacancy) - M (Ag interstitial). 
c /i(Ag interstitial). 

d n(Ag vacancy). 

• Assuming /i(F vacancy) = M (F interstitial). 

The temperature dependence of the mole fraction and mobility can be represented 
satisfactorily by equations similar to Eq. (5f-14) for the conductivity. 



x = x exp (-E/2kT) 
ix = mo exp (-U/kT) 



(5f-16) 
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E is the energy required to form a pair of defects and U is the height of the potential 
barrier a defect must overcome to move one interionie distance. Notice that when 
only one type of defect contributes to the conductivity, the activation energy in Eq. 
(5f-14) should be given by W = \E + U. Equations (5f-16) are the forms to be 
expected from the theory, except that mo should vary as 1 IT. This variation is usually 
obscured by the exponential factor in p. 

5f-8. Transport Numbers. The transport number tj of the jth type of defect is 
the fraction of the total current carried by that type of defect. By the performance 
of electrolysis experiments in which several disks of the material are present and the 
determination of the relative changes in weight of the various disks, the transport 
numbers in Table 5f-10 have been obtained. The amount of variance of different 
observers, e.g., for NaCl, indicates that the results of such experiments are not very 
reliable. 

For a number of ionic crystals Faraday's law of electrolysis is not valid, and it has 
usually been assumed that the extent of the deviation from this law is a measure of 
the amount of electronic conductivity which is present. In Table 5f-ll transport 
numbers determined in this way when some electronic conductivity is present are 
given along with values of the conductivity. Occasionally this method of interpreting 
electrolysis experiments has led to incorrect conclusions, the most notable case being 
Ag 2 S. 

5f-9. Effect of Pressure on Conductivity. When the effect of high pressure is taken 
into consideration, Eqs. (5f-16) are modified to give 

x = xo exp [ - {E + P AV) /2kT] ( - f m 

v « mo exp [-(£/ + P AVJ/kT] v ; 

AV is related to the change in volume of the crystal when a pair of defects is formed, 
and AVp. is related to the change in volume of the crystal which occurs when a defect 
moves from one position to another. If only one type of defect contributes appre- 
ciably to the conductivity, the conductivity should be given by an equation of the form 
of Eqs. (5f-17) with AV a = |AF + AV?. In Table 5f-12 values of the various free 
volumes are given for AgBr, and additional values of «o = — W log <*/dP)p_o are 
given for AgBr and AgCl. 
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Table 5f-10. Transport Numbers for Pure Ionic Conductors 
(The transport number t « t c&t = 1 - t anion is given) 



Substance 


T, °C 


^cat 


Ref. 


NaF 


500 


1.00 


Til 




550 


1.00 






560 


0.99 






570 


0.97 






585 


0.94 






600 


0.92 






615 


0.89 






625 


0.86 




KC1 


435 


0.96 


T5 




500 


0.94 






550 


0.92 






600 


0.88 




KBr 


605 


0.5 


J10 




660 


0.4 




KI 


610 


0.9 


J10 


BaF 2 


500 


0.00 


T5 


BaCl 2 


400-700 


0.00 


T5 


BaBr 2 


350-450 


0.00 


T5 


CuCl 


315 


1.00 


T7 




366 


1.00 




a-CuBr 


470-491 


1.00 


T8 


0-CuBr 


391-445 


1.00 




a-Cul 


402-500 


1.00 


T21 


AgCl 


20 


1.00 


T13 




200-350 


1.00 




AgBr 


20 


1.00 


T13 




200-300 


1 00 






406 


1.00 


K5 


a-Agl 


150-400 


1.00 


T13 


0-AgI 


20 


1.00 




«-Ag 2 HgI 4 


60 


t Ae . 0.94 
* Hg - 0.06 


K2 


PbF 2 


200 


0.00 


T5 


PbCl 2 


200-450 


0.00 


T5 




90 


10 -io 


H4* 




270 


10- 5 






484 


10~ 3 




PbBr 2 


250-365 


0.00 


T5 
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Table 5M0. Transport Numbers for Pure Ionic Conductors (Continued) 



Substance 


T, °C 


*cat(Dt 


*cat(2) 


^cat(3) 


*cat(4) 


Ref. 


NaCl 


400 

500 r 

550 

557 

580 

600 

605 

610 

620 

658 

710 


1.00 
0.98 
0.94 




1.00 
0.95 

0.64 
0.77 








(1) T19 






0.99 


(2) J10 




0.75-1.00 


(3)P2 




0.92 
0.90-0.95 




(4) J5 






0.92-0.96 






0.55-0.59 
0.52-0.75 












0.88-0.93 






0.36-0.38 
0.12 
















Pbl 2 


155 
194 
228 
255 
270 
290 
338 
376 




0.004 
6.03 
0.12 
0.3(H): 35 
0.40-0.50 
0.55-0 65 
0.79-0.85 
0.93-1,00 










(1)T5 








(2) H4* 




0.39 
0.45 
0.67 













References are on p. 195. 

* Calculated from diffusion data of Pb ions. 

f Numbers in parenthesis refer to observer indicated in ref. column. 

Table 5f-ll. Conductivity and Transport Numbers for Mixed Ionic 

and Electronic Conductors 

(1) Total conductivity a in ohm -1 cm" 1 



Substance 


Trn, °C 


T, °C 


<T0 


W(eV) , 


Ref. 


CuCl 


426 


210-300 

150-210 

45-110 


1.2 (6) 
4.2 (4) 
3.0 


0.95 
0.81 
0.49 


T7 
T7 
T7 


7-CuBr 


tr* 391 


250-380 
140-230 
240-380 


5.9 (9) 

2.0 (4) 

8.1 (10) 


1.36 
0.80 
1.51 


T9 
T9 
Gl 


7-CuI 


tr. 402 


360-400 
100-180 


3.0 (9) 
6.0 (-1) 


1.30 
0.047 


T10 (Ml) 
T10 (V2) 


a-Ag 2 S 
0-Ag 2 S 


835 
tr. 179 


179-500* 

179-500f 

Above 179 J 

35-179* 

110-179t 


6.4.(2) 

1.73(2) 
3-7 (1) 
9.0 (6) 
5.2 (8) 


-0.009 

o;o58 

0.14 
0.60 
0.91 


T15 
T15 

W3, T16 
R2 
R2 
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Table 51-11. Conductivity and Transport Numbers for Mixed Ionic 

and Electronic Conductors {Continued) 

(2) The transport number icat = 1 — Electron is given 



Substance 


r, °c 


2cat 


Ref. 


CuCl 


18 
40 
154 
197 
218 
225 
232 
244 
254 
294 
300 
315 
366 


0.00 
0.02 
0.04 
0.12 
0.29 
0.39 
0.50 
0.78 
0.90 
0.96 
0.98 
1.00 
1.00 


T7 




7-CuBr 


27 
153 
181 
191 
202 
223 
242 
272 
299 
308 
335 
345 
351 
390 


0.00 

0.02 

0.04 

0.08 

0.12 

0.14 

0.22 

0.39 

0.87 

0.92 

0.97 

0.98 

0.998 

1.00 


T8 




T-Cul 


200 


2.7 X 10" 6 


NX 






200 


0.00 


T21 






255 


0.01 








300 


0.25 








325 


0.50 








350 


0,75 








375 


0:9$ 








390 


0.997 








400 


1.00 






«-Ag 2 S 


200 


IO-2-10-3 


J9, R5, T17, 


W2 


0-Ag 2 S 


20f 


0.99 


T14 






60f 


0.93 


(H2) 






lOOf 


0.90 








l50f 


0.84 








170f 


0.81 








179 


'sulfur 


B6 




a-Ag 2 S 


9 (-9) 






571 


6 (-5) 








694 


2.2(-5) 








836 


7 (-4) 







6-194 
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Table 5M1. Conductivity and Transport Numbers for Mixed Ionic 
and Electronic Conductors (Continued) 



Substance 


r, °c 




teat 




Ref. 
for t 


<r 


Ref. 
for a 


Cu 2 Se 


150-210 


~10~« 


R3 






a-Ag2Se 
/3-Ag 2 Se 


190 
20 


~io-^io- 3 

<10" 8 


T17 
T5 


1.4(2)H 


T20 


Cu 2 Te 


335-410 


~10" 4 


Rl 






«-Ag 2 Te 
/3-Ag 2 Te 


190 
20 




-io- 2 -io- 
<io-« 


\ 


T17 
T5 








800 

900 

1000 


(1) 


(2) 


(3) 


(DG4 
(2)D1 
(3)T5 


2.6-3.5 
4.5-7.4 




Cu 2 


3.5(~4) 
5.2(-4) 


4(^4) 


2(-4) 
5(-4) 


G3 
G3 


BaO 


800 


....... 5(~4) 


11, (Wl) 


K-5) 


S5 



References are on p. 5-195. 
* In equilibrium with silver, 
f In equilibrium with sulfur. 
X Ionic part of conductivity only. 
% In equilibrium with selenium. 

References for Mixed Salts 

In most cases values of the observed conductivity are the only data given. The 
number before the second substance indicates the maximum amount of the second 
substance in mole per cent. 

LiF— 5 MgF 2 (Hl); LiCl— 100 KC1(B3), 5 MgCl 2 (Hl); LiBr— 5 MgBr 2 (Hl); Lil— 
5 MgI 2 (Hl); NaCl— 100 KC1(B4), 0.25 CaCl 2 (Bl), 100 AgCl(T6), 0.1 CdCl 2 (El); 
NaBr— 100 AgBr(T6); KF— 100 K 2 S0 4 (B2); KCl— 100 LiCl(B3); 100 NaCl(B4), 
5.3 KBr(Tl), 1 SrCl 2 (W4,Kl), 100 AgCl(T6), 100 K 2 Cr0 4 (B4); KBr— 100 
AgBr(T6) ; SrF 2 — 10 LaF 3 (CI). 

CuBr— 100 AgBr(R4); Cul— 100 Agl(TSl); AgCl— 100 NaCl(T6), 100 KC1(T6), 
100 AgBr(Sl), 100 T1C1(S1), 10 CdCl 2 (K4), 10 PbCl 2 (K4), 100 PbCl 2 (T22); 
AgBr— 10 LiBr(T3), 10 NaBr(T3), 100 NaBr(T6), 100 KBr(T6), 10 CaBr 2 (T2), 
10 CuBr(T3), 100 CuBr(R4), 10 AgCl(T3), 100 AgCl(Sl), 10 AgI(T3), 100 AgI(T12), 
10 ZnBr 2 (T2), 0.1 CdBr 2 (K5), 10 CdBr 2 (K4), 40 CdBr 2 (T2), 10 PbBr 2 (K4), 20 
PbBr 2 (T2),100PbBr 2 (T22),lAg 2 S(T4),lCdS(T4),lPbS(T4);Asr/— 100CuI(T21), 
100 AgBr(Tl2), 100 PbI 2 (T22); TICl— 100 AgCl(Sl). 

SnCh— 100 PbCl 2 (B3); PbCh— 100 AgCl(T22), 100 SnCl 2 (B3), 100 PbBr 2 (Sl); 
PbBn— 100 AgBr(T22), 100 PbCl 2 (Sl);P6/ 2 — 100 AgI(T22); Ce0 2 — 30La 2 O 3 (C2). 
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Table 5f-12. Effect of Pressure on Conductivity 
(1) Values of « = - (d log a/dP) at P = 



5-195 



Sub- 
stance 



AgCl 



AgBr 



Temp., 
°C 



300 
256-313 



300 
243-290 
202 
251 
289 
377 
406 



Pressure, 
kg cm -2 



0-300 
0-300 



0-300 

0-300 

0-8,000 

0-2,500 

0-2,500 

0-2,000 

0-1,000 



cm 2 kg -1 



2.5 X 10" 
2.9 



3.5 

3.2 

1.19 

1.19 

1.23 

1.44 

2.02 



Ref. 



J8 
J7 



J8 
J7 
K5 
K5 
K5 
K5 
K5 



(2) Values of free volume of formation and of mobility for AgBr, 202-289°C, 
0-8,000 kg cm" 2 (K5) 



Quantity 



Formation of Frenkel defects. . . 
Mobility of silver ion vacancy. 
Mobility of interstitial silver ion 



AV, 

cm 3 mole -1 



16 

7.4 
2.6 
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5g. Properties of Metallic Conductors 

STEPHEN J. ANGELLO 

Westinghouse Electric Corporation 



5grl. Per Cent Conductivity, Definition. The per cent conductivity of a sample 
of copper is calculated by dividing the resistivity of the International Annealed Copper 
Standard at 20°C by the resistivity of the sample at 20°C. Either mass or volume 
resistivity may be used. If another metal resistivity is expressed relative to copper, 
mass or volume resistivity must be specified. This use of per cent conductivity is,' 
however, not recommended. 

5g-2. Resistance of Copper as a Function of Temperature. On the basis of very 
careful measurements 1 it has been found that the 20°C temperature coefficient of a 
sample of copper is given by multiplying the number expressing the per cent con- 
ductivity by 0.00393. For example, for 100 per cent conductivity 

a2o = 0.00393 - Rt - R ** 



R2o(t - 20) 

where t is the temperature in degrees centigrade. The relation above holds surely for 
per cent conductivities above 94 per cent and is quite good over a wider range. 

6g~3. Effect of Frequency upon the Conductivity of Copper Conductors. Low 
Frequency, When alternating currents are carried by homogeneous conductors the 
current density is not uniformly distributed over the area of the conductor. A 
tendency for the current density to be higher near the conductor surface is due to 
magnetic flux within the conductor cross section (see Sec. 5b-15). Such current- 
density concentration reduces the effective area of a conductor cross section. The 

1 Natl. Bur. Standards (U.S.) Circ. 31, p. 11. . 
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Table 5g-l. Copper Wire Tables— Solid Copper Wire,* MKS Units 



Gage 
No.t 


Diam, 

m at 20°C 

(X 10~ 3 ) 


Cross section, 

m 2 at20°C 

(X lO" 6 ) 


Ohms J /m 
at 20°C 
(X lO" 3 ) 


M/ohmJ 
at 20°C 


Kg/m 
(X lO" 3 ) 


0000 


11.68 


107.2 


0.1608 


6,219 


953.2 


000 


10.40 


85.03 


0.2028 


4,932 


755.9 


00 


9.266 


67.43 


0.2557 


3,911 


599.5 





8.252 


53.48 


0.3224 


3,102 


475.4 


1 


7.348 


42.41 


0.4066 


2,460 


377.0 


2 


6.544 


33.63 


0.5127 


1,951 


299.0 


3 


5.827 


26.67 


0.6465 


1,547 


237.1 


4 


5.189 


21 . 15 


0.8152 


1,227 


188.0 


5 


4.621 


16.77 


1.028 


972.9 


149.1 


6 


4.115 


13.30 


1.296 


771.5 


118.2 


7 


3.665 


10.55 


1.634 


611.8 


93.78 


8 


3.264 


8.366 


2.061 


485.2 


74.37 


9 


2.906 


6.634 


2.599 


384.8 


58.98 


10 


2.588 


5.261 


3.277 


305.1 


46.77 


11 


2.305 


4.172 


4.132 


242.0 


37.09 


12 


2.053 


3.309 


5.211 


191.9 


29.42 


13 


1.828 


2.624 


6.571 


152.2 


23.33 


14 


1 . 628 


2.081 


8.285 


120.7 


18.50 


15 


1.450 


1.650 


10.45 


95.71 


14.67 


16 


1.291 


1.309 


13.17 


75.90 


11.63 


17 


1.150 


1.038 


16.61 


60.20 


9.226 


18 


1.024 


0.8231 


20.95 


47.74 


7.317 


19 


0.9116 


0.6527 


26.42 


37.86 


5.803 


20 


0.8118 


0.5176 


33.31 


30.02 


4.602 


21 


0.7230 


0.4105 


42.00 


23.81 


3.649 


22 


0.6438 


0.3255 


52.96 


18.88 


2.894 


23 


0.5733 


0.2582 


66.79 


14.97 


2.295 


24 


0.5106 


0.2047 


84.21 


11.87 


1.820 


25 


0.4547 


0.1624 


106.2 


9.417 


1.443 


26 


0.4049 


0.1288 


133.9 


7.468 


1 . 145 


27 


0.3606 


0.1021 


168.9 


5.922 


0.9078 


28 


3211 


0.08098 


212.9 


4.697 


0.7199 


29 


0.2859 


0.06422 


268.5 


3.725 


0.5709 


30 


0.2546 


0.05093 


338.6 


2.954 


0.4527 


31 


0.2268 


0.04039 


426.9 


2.342 


0.3590 


32 


0.2019 


0.03203 


538.3 


1.858 


0.2847 


33 


0.1798 


0.02540 


678.8 


1.473 


0.2258 


34 


0.1601 


0.02014 


856.0 


1.168 


0.1791 


35 


0.1426 


0.01597 


1,079 


0.9265 


0.1420 


36 


0.1270 


0.01267 


1,361 


0.7347 


0.1126 


37 


0.1131 


0.01005 


1,716 


0.5827 


0.08931 


38 


0.1007 


0.007967 


2,164 


0.4621 


0.07083 


39 


0.08969 


0.006318 


2,729 


0.3664 


0.05617 


40 


0.07987 


0.005010 


3,441 


0.2906 


0.04454 



* Data obtained from Natl. Bur. Standards (U.S.) Circ. 31 for 100 per cent conductivity copper at 

20°C (see Sec. 5g-l). 

t American wire gage (Awg) or Brown and Sharpe gage (B&fe). f> 

1 The tables in Circ. 31 are given in "international" electrical units. Since Jan. 1, 1948, absolute 

units are standard. To obtain absolute ohms the resistance values in the table must be multiplied by 

1.000495 (see Natl. Bur. Standards (U.S.) Circ. 459). 
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Table 5g-2. Copper Wire Tables — Solid Copper Wire,* English Units 







Cross section at 20 °C 








Gage 


Diam, 

mils 

at 20°C 






Ohms J/ 
1,000 ft 
at 20°C 


Ft/ohm 
at 20°C 


Lb /l, 000 ft 


No.f 


Cir mils 


Sq in. 


0000 


460.0 


211,600 


0.1662 


0.04901 


20,400 


640.5 


000 


409.6 


167,800 


0.1318 


0.06180 


16,180 


507.9 


00 


364.8 


133,100 


0.1045 


0.07793 


12,830 


402.8 





324.9 


105,500 


0.08289 


0.09827 


10,180 


319.5 


1 


289.3 


83,690 


0.06573 


0.1239 


8,070 


253.3 


2 


257.6 


66,370 


0.05213 


0.1563 


6,400 


200.9 


3 


229.4 


52,640 


0.04134 


0.1970 


5,075 


159.3 


4 


204.3 


41,740 


0.03278 


0.2485 


4,025 


126.4 


5 


181.9 


33,100 


0.02600 


0.3133 


3,192 


100.2 


6 


162.0 


26,250 


0.02062 


0.3951 


2,531 


79.46 


7 


144.3 


20,820 


0.01635 


0.4982 


2,007 


63.02 


8 


128.5 


16,510 


0.01297 


0.6282 


1,592 


49.98 


9 


114.4 


13,090 


0.01028 


0.7921 


1,262 


39.63 


10 


101.9 


10,380 


0.008155 


0.9989 


1,001 


31.43 


11 


90.74 


8,234 


0.006467 


1.260 


794.0 


24.92 


12 


80.81 


6,530 


0.005129 


1.588 


629.6 


19.77 


13 


71.96 


5,178 


0.004067 


2.003 


499.3 


15.68 


14 


64.08 


4,107 


0.003225 


2.525 


396.0 


12.43 


15 


57.07 


3,257 


0.002558 


3.184 


314.0 


9.858 


16 


50.82 


2,583 


0.002028 


4.016 


249.0 


7.818 


17 


45.26 


2,048 


0.001609 


5.064 


197.5 


6.200 


18 


40.30 


1,624 


0.001276 


6.385 


156 6 


4.917 


19 


35.89 


1,288 


0.001012 


8.051 


124.2 


3.899 


20 


31.96 


1,022 


0.0008023 


10.15 


98.50 


3.092 


21 


28.46 


810.1 


0.0006363 


12.80 


78.11 


2.452 


22 


25.35 


642.4 


0.0005046 


16.14 


61.95 


1.945 


23 


22.57 


509.5 


0.0004002 


20.36 


49.13 


1.542 


24 


20.10 


404.0 


0.0003173 


25.67 


38.96 


1.223 


25 


17.90 


320.4 


0.0002517 


32.37 


30.90 


0.9699 


26 


15.94 


254.1 


0.0001996 


40.81 


24.50 


0.7692 


27 


14.20 


201.5 


0.0001583 


51.47 


19.43 


0.6100 


28 


12.64 


159.8 


0.0001255 


64.90 


15.41 


0.4837 


29 


11.26 


126.7 


0.00009953 


81.83 


12.22 


0.3836 


30 


10.03 


100.5 


0.00007894 


103.2 


9.691 


0.3042 


31 


8.928 


79.70 


0.00006260 


130.1 


7.685 


0.2413 


32 


7.950 


63.21 


0.00004964 


164.1 


6.095 


0.1913 


33 


7.080 


50.13 


0.00003937 


206.9 


4.833 


0.1517 


34 


6.305 


39.75 


0.00003122 


260.9 


3.833 


0. 1203 


35 


5.615 


31.52 


0.00002476 


329.0 


3.040 


0.09542 


36 


5.000 


25.00 


0.00001964 


414.8 


2.411 


0.07568 


37 


4.453 


19.83 


0.00001557 


523.1 


1.912 


0.06001 


38 


3.965 


15.72 


0.00001235 


659.6 


1.516 


0.04759 


39 


3.531 


12.47 


0.000009793 


831.8 


1.202 


0.03774 


40 


3.145 


9.888 


0.000007766 


1,049 


0.9534 


0.02993 



* Data obtained from Natl. Bur. Standards (U.S.) Circ. 31 for 100 per cent conductivity copper at 
20°C (see Sec. 5g-l). 

t American wire gage (Awg) or Brown and Sharpe (B&S). 

t The tables in Circ. 31 are given in "international" electrical units. Since Jan. 1, 1948, "absolute" 
units are standard. To obtain absolute ohms the resistance values in the table must be multiplied by 
1.000495 (see Natl. Bur. Standards (U.S.) Circ. 459). 
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consequence is a higher total resistance to a given rms alternating current vs. the total 
resistance to an equal direct current. 

High Frequency. At very high frequencies the current in a conductor is nearly all 
concentrated at the surface to a depth called the "skin depth" which is given by 






meters 



where p == resistivity, ohm-m 

v ■*== frequency, cps 

/i -w permeability, henrys/m 
The effective area of a conductor carrying current of sufficiently high frequency for the 
skin depth to be small compared with the conductor thickness and small compared 
with radii of curvature is given by the conductor perimeter times the skin depth. 




l.OOO 



FREQUENCY IN K.C 
5g-l. Skin depth and high-frequency resistance of copper. 



Fig. 5g-l. Skin depth and high-frequency resistance ol copper. {From F. E. Terman, 
1 Radio Engineers' Handbook" p. 35, McGraw-Hill Book Company, Inc., New York, 1943.) 



Anomolous Skin Effect. At sufficiently low temperatures and high frequencies, the 
mean 'free path of the electrons in a good conductor becomes greater than the classi- 
cally predicted skin depth, and the classical skin-effect equations break down. 12 
Thus, the radio-frequency skin conductivity is practically independent of bulk con- 
ductivity (measured at direct current) when the mean free path of the electrons is 
sufficiently long. Data are given by Pippard 1 on Ag, Au, Cu, Sn, and Al. Chambers 3 
gives additional data, and more recently Dingle 4 has given data for Na, Cu, Ag, Au, 
Pt, W, Al, Pb,andSn. 

6g^4. Other Wire Tables. National Bureau of Standards Circular 31 contains 
tables in additional to those for copper wire. These are for bare concentric-lay cables 
of standard annealed copper and hard-drawn aluminum wire. 



1 A. B. Pippard, Proc. Roy. Soc. (London), ser. A, 191, 385-399 (1947). 

2 G. E. H. Reuter and E. H. Sondheimer, Proc. Roy. Soc. (London), ser. A, 195, 336 (1948). 
a R. G. Chambers, Nature 165, 239-240 (1950). 

*R. B. Dingle. Physica 19, 348-364 (1953). 
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Table 5g-3. Ratio op A-C Resistance to D-C Resistance for a Solid 

Round Wire* 



• *t 


R&-0 

Rd-c 


x\ 


Xf/a-c 

Rd-c 


*t 


/ta-c 

-Rd-c 





1.0000 


5.2 


2.114 


14.0 


5.209 


0.5 


1.0003 


5.4 


2.184 


14.5 


5.386 


0.6 


1.0007 


5.6 


2.254 


15.0 


5.562 


0.7 


1.0012 


5.8 


2.324 


16.0 


5.915 


0.8 


1.0021 


6.0 


2.394 


17.0 


6.268 


0.9 


1.0034 


6.2 


2.463 


18.0 


6.621 


1.0 


1.005 


6.4 


2.533 


19.0 


6.974 


1.1 


1.008 


6.6 


2.603 


20.0 


7.328 


1.2 


1.011 


6.8 


2.673 


21.0 


7.681 


1.3 


1.015 


7.0 


2.743 


22.0 


8.034 


1.4 


1.020 


7.2 


2.813 


23.0 


8.387 


1.5 


1.026 


7.4 


2.884 


24.0 


8.741 


1.6 


1.033 


7.6 


2.954 


25.0 


9.094 


1.7 


1.042 


7.8 


3.024 


26.0 


9.447 


1.8 


1.052 


8.0 


3.094 


28.0 


10.15 


1.9 


1.064 


8.2 


3,165 


30.0 


10.86 


2,0 


1.078 


8.4 


3.235 


32.0 


11.57 


2.2 


1.111 


8,6 


3,306 


34.0 


12,27 


2.4 


1.152 


8.8 


3.376 


36.0 


12.98 


2.6 


1.201 


9.0 


3.446 


38.0 


13.69 


2.8 


1.256 


9.2 


3.517 


40.0 


14.40 


3.0 


1.318 


9.4 


3.587 


42.0 


15.10 


3.2 


1.385 


9.6 


3.658 


44.0 


15.81 


3.4 


1.456 


9.8 


3.728 


46.0 


16.52 


3.6 


1.529 


10.0 


3.799 


48.0 


17.22 


3.8 


1.603 


10.5 


3.975 


50.0 


17.93 


4.0 


1.678 


11.0 


4,151 


60.0 


21.47 


4.2 


1.752 


11.5 


4.327 


70.0 


25.00 


4.4 


1.826 • 


12.0 


4.504 


80.0 


28.54 


4.6 


1.899 


12.5 


4.680 


90.0 


32.07 


4.8 


1.971 


13.0 


4.856 


100.0 


35.61 


5.0 


2.043 


13.5 


5.033 


OO 


00 



* From Natl. Bur. Standards (U.S.) Circ. 74 and F. E. Terman, "Radio Engineers Handbook," p. 
31, McGraw-Hill Book Company, Inc., New York, 1943. 



i>§ 



where p « resistivity, ohm-m; d = wire diameter, m; n = permeability, henrys/m; v — frequency, cps. 

A resistance wire table covering nichrome, advance, and manganin is given on page 
29 of F, E. Terman, "Radio Engineers' Handbook." 1 

6g-5. Electrical Properties of Pure Metals. Table 5g-5 gives a list of elements 
considered to be metals in a compilation by F. Seitz. 2 The resistivities given are bulk 
resistivities. Resistivities of thin films have been omitted because of the extreme 

1 McGraw-Hill Book Company, Inc., New York, 1943. 

2 F. Seitz, "The Modern Theory of Solids," p. 10, McGraw-Hill Book Company, Inc., 
New York, 1940. 
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Table 5g-4. Allowable Current-carrying Capacities of Insulated 

Conductors in Amperes* 

(Single conductor in free air; based on room temperature of 30°C, 86°F) 





Rubber, 
















type R,f 




Thermo- 










Size 


type 

RW, 

type RU, 

type 


Rubber, 
type RH; 


plastic 
asbestos, 
type TA; 
Var-Cam 


Asbestos 
Var-Cam, 


Impreg- 
nated 
asbestos, 


Asbestos, 
type A 


Slow- 
burning, 
type SB; 
weather- 


Awg 
MCM 


RUW 

(12-4); 


type 
RH-RWJ; 


type V; 
asbestos 


type 
AVA, 


type AI 
(14-8), 


(14-8), 
type 


proof, 
type 




typez 


type 


Var-Cam 


type 


type 


AA 


WP, 




RH-RWJ; 
thermo- 


RHW 


type 
AVB; 


AVL 


AIA 




type 
SBW 




plastic, 




MI cable 












type T, 
















type TW 














14 


20 


20 


30 


40 


40 


45 


30 


12 


25 


25 


40 


50 


50 


55 


40 


10 


40 


40 


55 


65 


70 


75 


55 


8 


55 


65 


70 


85 


90 


100 


70 


6 


80 


95 


100 


120 


125 


135 


100 


4 


105 


125 


135 


160 


170 


180 


130 


3 


120 


145 


155 


180 


195 


210 


150 


2 


140 


170 


180 


210 


225 


240 


175 


1 


165 


195 


210 


245 


265 


280 


205 





195 


230 


245 


285 


305 


325 


235 


00 


225 


265 


285 


330 


355 


370 


275 


000 


260 


310 


330 


385 


410 


430 


320 


0000 


300 


360 


385 


445 


475 


510 


370 


250 


340 


405 


425 


495 


530 




410 


300 


375 


445 


480 


555 


590 




460 


350 


420 


505 


530 


610 


• 655 




510 


400 


455 


545 


575 


665 


710 




555 


500 


515 


620 


660 


765 


815 




630 


600 


575 


690 


740 


855 


910 




710 


700 


630 


755 


815 


940 


1,005 




780 


750 


655 


785 


845 


980 


1,045 




810 


800 


680 


815 


880 


1,020 


1,085 




845 


900 


730 


870 


940 








905 


1,000 


780 


935 


1,000 


1,165 


1,240 




965 


1,250 


890 


1,065 


1,130 










1,500 


980 


1,175 


1,260 


1,450 






1,215 


1,750 


1,070 


1,280 


1,370 










2,000 


1,155 


1,385 


1,470 


1,715 






1,405 
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Table 5g-4. Allowable Current-carrying Capacities of Insulated 
Conductors in Amperes* (Continued) 



Rubber, 
type R,f 
type 
RW, 
type RU, 
type 
RUW 
(12-4); 
type z 
RH-RWt; 
thermo- 
plastic, 
type T, 
type TW 



Size 

Awg 

MCM 



Rubber 
type RH; 

type 

RH-RWt, 

type 

RHW 



Thermo- 
plastic 
asbestos, 
type TA, 
Var-Cam, 
type V; 
Asbestos 
Var-Cam, 
type 
AVB; 
MI cable 



Asbestos 
Var-Cam, 

type 

AVA, 

type 

AVL 



Impreg- 
nated 
asbestos, 
type AI 
(14-8), 
type 
AIA 



Asbestos, 

type A 

(14-8), 

type 

AA 



Slow- 
burning, 
type SB; 
weather- 
proof, 

type 

WP, 

type 

SBW 



Correction Factors for Room Temperatures over 30°C, 86°F 



°c 


°F 




40 


104 


0.82 


45 


113 


0.71 


50 


122 


0.58 


55 


131 


0.41 


60 


140 




70 


158 




75 


167 




80 


176 




90 


194 




100 


212 




120 


248 




140 


284 





0.88 
0.82 
0.75 
0.67 
0.58 
0.35 



0.90 
0.85 
0.80 
0.74 
0.67 
0.52 
0.43 
0.30 



0.94 
0.90 
0.87 
0.83 
0.79 
0.71 
0.66 
0.61 
0.50 



0.95 
0.92 
0.89 
0.86 
0.83 
0.76 
0.72 
0.69 
0.61 
0.51 



0.91 
0.87 
0.86 
0.84 
0.80 
0.77 
0.69 
0.59 



* Data from National Board of Fire Underwriters, Pamphlet 70, p. 289, National Electrical Code, 
November, 1953. 
t Symbols in table: 

Type Letter Insulation and Covering 

A Asbestos without asbestos braid 

A A Asbestos with asbestos braid 

AI Impregnated asbestos without outer asbestos braid 

AIA Impregnated asbestos with outer asbestos braid 

AVA Impregnated asbestos and varnished cambric with outer asbestos braid 

AVB Impregnated asbestos and varnished cambric with flame-retardant cotton braid 

AVL Impregnated asbestos and varnished cambric with asbestos braid and lead 

sheath 

MI Magnesium oxide with copper covering 

R Code rubber with moisture-resistant, flame-retardant, n on metallic covering 

RH Heat-resistant rubber with R covering 

RHW Moisture- and heat-resistant rubber with R covering 

RU 90 % unmilled grainless rubber with R covering 

RUW Same as RU 

RW Moisture-resistant rubber with R covering 

SB Three braids of impregnated fire-retardant cotton thread with outer cover 

finished smooth and hard 

SBW Two layers of impregnated cotton thread with outer fire-retardant coating 

T Flame-retardant thermoplastic compound with no covering 

TA Thermoplastic and asbestos with flame-retardant cotton braid 

TW. Flame-retardant, moisture-resistant thermoplastic with no covering 

V.- Varnished cambric with nonmetallic covering or lead sheath 

Wt*. .,.,*». At least three impregnated cotton braids or equivalent 

$ 1! type RH-RW rubber-insulated wire is used in wet locations, the allowable current-carrying Capaci- 
ties shall be that of column 2, Table 5g-4. If used in dry locations, the allowable current-carrying 
eapacitiea shall be that of Column 3. 
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Table 5g-5. Electrical Properties of Pure Metals 
(All measurements are at 20°C unless otherwise indicated) 



Metal 



Aluminum . . , . . 
Antimony. ...... 

Arsenic. ...... 

Barium ....... 

Beryllium. . . . 

Bismuth 

Cadmium. 
Calcium. . — 

Cesium 

Chromium 

Cobalt 

Copper 

Gallium ....... 

Gold. ...... .i 

Hafnium 

Indium 

Iridium. . .'.... 

Iron 

Lanthanum. . 

Lead 

Lithium »■ 

Magnesium. . , . 
Manganese 
Masurium 
Mercury (liq.) '-. 
Molybdenum. . 

Nickel. 

Niobium 

Osmium 

Palladium 

Platinum 

Potassium 

Radium . 

Rhenium 

Rhodium 

Rubidium 

Ruthenium 

Scandium 

Silver 

Sodium 

Strontium . . . . 

Tantalium . 

Thallium. 

Thorium 

Tin... ...... 

Titanium 

Tungsten. ...'.. 

Uranium 

Vanadium 

Ytterbium 

Zinc 

Zirconium '.'...'. 



P X 10- 8 


p/po at 


ohm-m 


100,000 kg/cm 2 


2.828 


0.770 


39.1* 


0.605 


35* 


0.928 


60 


2.618 


10.1 


0.876 


119. Of 


0.474 


7.54f 


0.658 


4.59 


4.399 


19.0 


5.33 


2.6* 


0.558 


9.7 


0.951 


1.692 


0.866 


53* 




2.44 


.0,816 


32.1 




8.37* 


0.493 


6.10* 


0.886 


8.85* 


0.841 


57.6 


0.842 


19.8* 


0.487 


8.55* 


1.704 


4.35* 


0.767 


95.783 


0.555 


5.14* 


0.892 


7.236 


0.858 


21 


0.894 


9.5 




10.21* 


0.847 


9.83* 


0.861 


6.1* 


0.596 


18.9 




5.11* 


0.872 


11.6* 


2.95 


7.64 




1.468* 


0.802 


4.3* 


0.479 


24.8 


1.810 


15.5 


0.882 


17.60* 


0.265 


18 


0.821 


11.5 


0.548 


55t 


0.916 


5.51 


0.895 


29* 


0.724 


58.8 


0.878 


5.75* 


0.679 


41.0 


0.98361f 



*o°c. 

1 18°C. 
t 25°C. 

1 80,000 kg/am". 
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structure sensitivity of such data. The data on pressure effect upon resistivity are 
from P. W. Bridgman. 1 Resistivity values have been gathered from many sources 
in the literature. 

Table 5g-6. Superconducting Transition Temperature for Metals* 



Metal 


Nb 


Pb 


La 


ta 


V 


Hg 




CJn 


In 


Tl 


Th 


u 










Transition temp., °K 


9.22 


7.26 


4.71 


4.38 


4.3 


4.17 


3.69 


3.37 


2.3* 


U.32 


1.25 




Metal 


Al 


Ga 


Re 


Zn 


Os 


.. Q°V 


Ti 


Zr 


Ru 


Hf 






Transition temp., °K 


1.14 


1.07 


0.95 


0.79 


0.71 


0.602 


0.558 


0.546 < 


3.47 ( 


3,374 



1 Compiled from E. Justi, " Leitf ahigkeit und Leitungsmeohanismus fester Stoffe," Table 17, p. 188, 
Vandenhoech und Ruprecht, Gottingen, 1948; and T. S. Smith and J. G. Daunt, Some Properties of 
Superconductors below 10°K III Zr, Hf, Cd, and Ti, Phya. Rev. SB, 1172-1176 (1052). 



Table 5g-7. Superconducting Transition Temperatures for alloys* 

(In degrees Kelvin) 



Nonsuperconductor 


Pb 


Sn 


Tl 


Au 


Bi. 


8.8f 
6.6f 
8.4f 
7.8f 

2.25f 
7.2f 
7. Of 
7.0f 
7.2f 


3.8f 
(Sb 2 Sn 3 )3.8 

3.6+ 
(Cu 3 Sn) 1.31 
(Ag 3 Sn) 1.36 


(Bi 5 Tl 3 ) 6.4 
(Sb 2 Tl) 5.2 

2.5+ 

2.67f 
1.92f 


(Au 2 Bi) 1.92 


Sb 


As 




P 




Cd 




Zn 




Ag 




Au 




Ca 






Li 









♦Taken from E. Justi, " Leitf ahigkeit und LeitungsmechanismuB fester Stoffe," Table 17, p. 914, 
Vandenhoech und Ruprecht, Gottingen, 1948. 
t Eutectic. 

1 P. W. Bridgman, The Resistance of 72 Elements, Alloys and Compounds to 100,000 
kg/cm 2 , Proc. Am. Acad. Arts Sci., 81, 165-251 (1952). 



5h. Magnetic Properties of Materials 

R. M. BOZORTH 

Bell Telephone Laboratories, Inc. 



6h-l. Symbols (Units in cgs system) 

H magnetic field strength, oersteds 

B magnetic induction, gauss 

a magnetic moment /gram 

<r, saturation magnetic moment /gram 

(To <r a at 0°K 

M magnetic moment /cm 3 

M, saturation magnetic moment /cm 3 

Mo M, atO°K 

Bohr magneton 

nn Bohr magneton number 

Curie point (°C or °K) 

On Neel point (antiferromagnetic) 

B r residual induction (gauss) 

H c coercive force (oersteds) 

no initial permeability (vacuum = 1) 

ix m maximum permeability 

Hr reversible permeability 

K\ magnetic crystal anisotropy constant (ergs /cm 3 ) 

X fractional increase in length (magnetostriction) 

X, X at saturation 

co fractional increase in volume (magnetostriction) 

x magnetic moment /oersted for 1 g (<r/H) 

Xa magnetic moment /oersted for 1 g-atom 

6h-2. Saturation Magnetization and Curie Points. When a magnetic field of 
increasing strength is applied to a ferromagnetic material the magnetic moment of the 
material increases toward a limit called the saturation, which is usually expressed as 
moment per unit weight a, or as moment per unit volume (M , intensity of magnetiza- 
tion). The saturation can be determined as a function of temperature and extrapo- 
lated to 0°K, and one can calculate from this the magnetic moment per molecule (or 
per atom), and by dividing by the Bohr magneton (/3, magnetic moment of the electron 
spin) one can obtain the Bohr magneton number nB. The saturation decreases as the 
temperature increases and approaches zero in the neighborhood of the Curie point 0, 
the exact location of which is a matter of careful definition. 

Data are given in Tables 5h-l to 5h-9 and Figs. 5h-l and 5h-2. 

6h-3. Properties of Some High-permeability Materials. The induction B of a 
magnetic material is a function of the magnetic field H to which it is subjected. Some 
of the quantities derived from the B vs. H curves of materials are given in the follow- 
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•4 ATM FOR H = I500 
►CURIE POINTS 




80 



70 



30 



20 



10 



60 50 40 

PER CENT IRON 

Fig. 5h-l. Approximate saturation (4irM for H = 1,500) and Curie points of Fe-Co-Ni 
alloys. [T. Kase, Science Repts. Tdhoku Imp. Univ. 16, 491 (1927).] 




30 20 

PER CENT MANGANESE 

Fig. 5h-2. Saturation induction of Heusler Mn-Cu-Al alloys. (0. Heusler, 

Bozorth, "Ferromagnetism," D. Van Nostrand Company, Inc., New York, 1951.) 
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Table 5h-l. Saturation Magnetization and Curie Points of 
Ferromagnetic Elements* 





20°C 


0°K 




Element 


c. 


M, 


■.■4rM. : 


<ro 


UB 


e, °C 


Fe 


218.0 
161 
54.39 






1,714 
1,422 
484.1 






21,580 

17,900 

6,084 






221.9 
162.5 
57.50 
253 .5 

t 


2.219 
1.715 
0.604 
7.12 


770 


Co 


1,131 


Ni 


358 


Gd. 


16 


Dy 


-168 







* R. M. Bozorth, "Ferromagnetism," D. Van Nostrand Company, Inc., New York, 1951. 
ences to the original sources are given therein. 
f <r - 215 for H « 9,000, at 88°K. 



Refer- 



Table 5h^2. Relative Saturation Magnetization <r,/<r as Dependent on 

Temperature Relative *to Curie Point T/B 

(Values of <r are given in Table 5h-l) 



T/B 


0"«/o-Q 










Fe 


Co, Ni 


j = ^ (theory) 





1 


1 


1 


0.1 


0.996 


0.996* 


1.000 


0.2 


0.99 


0.99 


1.000 


0.3 


0.975 


0.98 


0.997 


0.4 


0.95 


0.96 


0.983 


0.5 


0.93 


0.94 


0.958 


0.6 


0.90 


0.90 


0.907 


0.7 


0.85 


0.83 


0.829 


0.8 


0.77 


0.73 


0.710 


0.85 


0.70 


0.66 


0.630 


0.9 


0.61 


0.56 


0.525 


0.95 


0.46 


0.40 


0.380 


1.0 












* Value for Ni only. 
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Table 5h-3. Saturation Magnetization and Curie Points of Alloys 

of Iron* 



Addition 


Atomic % 


<r, 


w^/atom 


6, °C 


Cot 


20 


236 


2.42 


950 




33 


238 


2.52 


970 




50 


233 


2.42 


980 




75 


203 


2.14 


870 




80 


184 


1.95 


910 


Nit 


10 


217 


2,26 


750 




20 


209 


2 22 


720 




40 


152 


1.82 


330 




60 


136 


1.45 


560 




80 


98 


1.04 


560 


AIT 


7.1 


207 


2.05 


756 




19.7 


184 


1.74 


664 




24.9 


134 


1.29 


441 




26.0 


149 


1.40 


494 


siir 


8.3 


204 


2.00 


720 




15.9 


174 


1.67 


653 




23.5 


141 


1.32 


587 


V T. 


5.9 


204 


2.09 


815 




10.6 


184 


1.91 


805 




18.6 


149 


1.58 


783 


CrT- 


17.7 


166 


1.70 


678 




47.5 


90 


0.98 


483 




67.8 


35 


0.53 


268 


Ru§ 


7.0 


200 


2.18 


660 




12.5 


105 


1.17 




Rh§ 


10.0 


209 


2.32 






25.0 


192 


2.39 


714 




40.0 


161 


2.26 


624 


Pd§ 


5.5 


203 


2.19 


754 




40.0 


129 


1.89 






74.8 


45 


0.97 


~250 


Os§ 


8.1 


158 


1.97 






12.5 


50 


0.69 




Snl 


2.3 


208 


2.18 


768 




6.0 


197 


2.16 


768 


Ir§ 


4.0 


200 


2.25 


750 




15.0 


120 


1.67 




Pt§ 


8.1 


191 


2.36 






12.4 


177 


2.43 






24.8 


104 


2.23 


164 




50.0 


32 


0.75 






44.1 


39 


0.85 




AuK 


6.2 


174 


2.08 


767 




10.5 


154 


2.02 


768 



* Additional data are given in the references, 
t P. Weiss and R. Forrer, Ann. phys. 12 (10), 279 (1929). 

t M. Peachard, Compt. rend, 180, 1837 (1925) ; for change of saturation with ordering, see £. M. 
Qrabbe and L. W. McKeehan, Phya. Rev, 07, 728 (1940). 
f M. Fallot, Ann, phyt. t (U), 805 (1036), 
| M. FaUot, Ann. phy%, 10 <11), 301 (1838). 
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Table 5h-4. Saturation Magnetization and Curie Points of Alloys 

of Cobalt* 



Element 


Atomic % 


<r a (20°C) 


ns/atom 


0, °C 


Nif 


40 


124 


1.33 


900 




70 


90 


0.97 


680 


CrJ 


5.6 


134 


1.42 






10.6 


100 


1.07 






16.7 


59.5 


0.64 






22.1 


19 


0.24 




MnH 


4.2 


144 


1.53 






11.9 


109 


1.16 






17.3 


84 


0.89 






22.5 


48 


0.57 





* Additional data are given in the references. 

t P. Weiss, R. Forrer, and F. Birch, Compt. rend. 189, 789 (1929). 

t T. Farcas, Ann. phys. 8 (11), 146 (1937). 

If C. Sadron, Ann. phys. 17 (10), 371 (1932). 



Table 5h-5. Saturation Magnetization and Curie Points of Alloys 

of Nickel* 



Addition 


Atomic % 


0". 


n^/atom 


0, °C 


Al 


2.0 


47.1 


0.54 


293 


Au 


3.4 


46.6 


0.58 


321 


Cr 


1.7 


49.8 (150°K) 


0.53 


298 




6.7 


25.4 (150°K) 


0.30 


72 


Mn 


25 (ordered) 


90 


1.02 


470 


Mo 


1.9 


42.3 


0.51 


266 




4.2 


23.1 


0.37 


120 


Pd 


12.1 

45.2 

91.3 

9.1 




0.60 
0.57 

0.55 


330 






217 






-116 


Pt 


37.7 


245 




25 


16.4 


0.44 


86 




45,0 
7.5 




0.25 
0.24 


-71 


Sb 


12.6 


23 


Si 


3.7 


40.3 


0.48 


234 




6.8 


23.7 


0.36 


117 




8.8 
2.7 




0.28 
0.49 


19 


Sn 


40.1 


234 




9.0 


9.9 


0.30 


225 


Tat 


3.6 

6.3 
4.8 




0.41 
0.28 
0.43 










Ti 


34.5 


207 




10.3 




0.22 


30 


V 


5.5 


15.3 


0.29 


67 


W 


2.1 


39.2 


0.49 


270 




3.9 


19.9 


0.34 


150 


Zn 


4.1 


45.3 


0.52 


300 




10.8 


25.4 


0.37 


157 



* V. Marian, Ann. phys. 7 (11), 459 (1937); additional data are given in the original* 
t G. T. Rado and A. R, Kaufmann, Phya. Rev. 60, 336 (1941). 
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Table 5h-6. Saturation Magnetization and Curie Points of 

Some Ferrites" 

(4irM, at room temperature 6 ) 
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Ferrite 



MnFe 2 4 . . 

Fe 3 4 

CoFe 2 4 . . . 
NiFe 2 4 ... 
CuFe 2 4 . . . 
MgFe 2 4 . . . 
CdFe 2 4 ... 
ZnFe 2 (V. . . 
Lio.5Fe 2 . 5 4 . 
BaFei 2 0i9 6 . 
BaFei 8 22 6 . 



X-ray density 



5.00 
5.24 
5.29 
5.38 
5.35 
5.42 



4.75 
5.3 



4ttM 8 



5,200 
6,000 
5,000 
3,400 
l,700 c 
l,400 c 




3,900 
4,800 



w^/molecule 



4.4-5.0 
4.0-4.1 
3.7-3. 
2.2-2. 
1.3-2. 
0.9-1. 


2.5-2. 

20 

28 



0, °C 



300 
585 
520 
585 
455 
440 

60 
670 
450 
450 



« E. W. Gorter, Philips Research Repts. 9, 295, 403 (1954); J. Smit and H. P. J. Wijn, "Advances in 
Electronics and Electron Physics," vol. VI, p. 83, Academic Press, Inc., New York, 1954. 
b Private communication from E. W. Gorter. 
Depends on heat-treatment. 

d ZnFe204 magnetic when quenched, otherwise nonmagnetic; 6 for rapid quench. 
• <r, = 72 at 20°C. 



Table 5h-7. Bohr Magneton Numbers of Solid Solutions of ZnFe 2 4 

with Other Ferrites* 

(Averaged values, f Additional data in references) 



Ferrite 



MnFe 2 4 . . 
FeFe 2 4 . . . 
CoFe 2 4 . . . 
NiFe 2 4 . '. . 
MgFe 2 4 .. 
Lio. 5 Fe 2 . 5 4 



riB /molecule for following 
molecular % of ZnFe0 4 



20 


40 


70 


5.7 


6.5 


6.3 


5.2 


5.7 


5.5 


4.6 


5.5 


5.1 


3.6 


4.9 


4.2 


3.0 


3.8 


2.9 


3.7 


4.4 


1.8 



* Cuo.6Zno.6Fe 2 04, ub = 4.7 [E. W. Gorter, Philips Research Repts. 9, 295, 403 (1954)]; Mgo.sZno.5Fe 2 04, 
riB = 4.9 [C. A. Clark and W. Sucksmith, Proc. Roy. Soc. (London), ser. A, 225, 147 (1954)]. 

t C. Guillaud, J. phys. radium 12, 239 (1951), E. W. Gorter, Philips Research Repts. 9, 295, 403 (1954). 
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Table 5h-8. Bohr Magneton Numbers and Curie Points of Other 
Ferrites and Spinels 



Composition 



CrFe 2 4 

FeCr 2 4 

MnCr 2 4 

MnFeCr0 4 . 

MnFeo.5Cr1.5Ch. 

MnCo 2 4 

Fe 2 8 Al 02 O 4 . . . . . 
Mni 5 FeTi .6O 4 

CoCr 2 4 

NiFe 02 5Ali.75O 4 . 

NiCr 2 4 

NiFeo.5Al1.5O4. . 
NiFeA10 4 



NiFe1.5Alo.5O4. . . . 

NiFe1.5Sco.5O4 

NiFe1.5Gao.5O4... 

NiFeGa0 4 

NiFeo.5Oa1.5O4. . . 
NiFe1.5Ino.5O4. • . 

NiFeIn0 4 

NiFeo.5In1.5O4. •• 
Ni1.5FeTio.5O4... 
NiZno.5FeTio.5O4. 
CuCr 2 4 ... .. .:.•■ 

Cuo.5Fe 2 .50 4 

MgFeAKV... .. 
Li .5Fe .5Cr 2 O 4 . . . 

MnCr 2 S 4 .. 

FeCr 2 S 4 ......... 

CoCr 2 S 4 

MFeOst-. ■,.'••■• 



UB /molecule 


0, °C 


Ref. 


2.0 




3 


0.8 


^-185 


5 


1.23 


-230 


4 


0.25 




1 


0.77 


-49 


1 


0.04 


« -70 


5 


3.4 




10 


1.7 


89 


1 


0.09 


-175 


4 


0.07* 




6 


0.1 


-195 


4 


0.16* 




6 


0.57* 


171* 


6 


0-0.6 


198 


1 


0.5* 


385* 


6 


0.7 


450 


■7 


2.9-3.2* 


385* 


6 


2.8-3.0* 


171* 


6 


0.9 


-100 


6 


3.3* 


325* 


7 


2.5* 


40* 


7 


0.6* 


-145* 


7 


1.1-1.4 


«280 


1 


2.1 


«200 


1 


0.39 


-140 


4 


4.1-4.5 


390 


2,8 


0.3 





9 


0.1 


80 


1 


2.0 


-170 


5 


1.5 


-80 


5 


2.55 


-35 


5 


small 


200 to 500 


11 



* Slowly cooled from 1400°C. 

t M = trivalent rare-earth metal. 
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Table 5h-9. Saturation Magnetization and Curie Points of Some 
Binary Compounds* 



Substance 



Fe 3 Al. . 
Fe 2 B. . . 
FeBe 2 . . 
FeBe 5 . . 
Fe 3 C. . . 
Fe 2 Ce. . 
Fe 4 N... 
Fe 3 P. . . 
Fe 7 S 8 . . . 
Co 2 B... 
Co 2 P. . . 
CoPt. . . 
CoS 2 1f. . 
CoZn.. . 
Co 4 Zr. . 
Ni 2 Mg. 
Ni 3 Mn. 
MnAs. . 
MnB... 
MnBi. . 
Mn 4 N.. 
MnP. . . 
MnPt 3 . 
Mn 2 Sb. 
MnSb.. 
Mn 4 Sn. 
Mn 2 Sn. 
Cr0 2 . . . 
CrS.... 
CrTe. . . 



4ttM, (20°C) 



11,000 
15, lOOf 



12,400 

17,500 

780 

7,200-0 



9,000 
8,400 
1,850 
7,800 
2,300 

5,000 
2,900 
8,900 
1,250 



3,100 



tib /molecule 



5.2 
5.7 



5.3 
8.9 
2.0J 



0.84 



4.1 
3.4 

3.5 

0.97 

1.2 

1.9 
3.5 

2.7 

2.1 

2.4,2.5f 



d, °C 



500 
739 
520 
<0 
213 
116 
490 
420 
300 
510 
920 
<600 
-163 
195 
490 
235 
460 
45 
260 
360 
470 
25 

277 

314 

150 

ca. -10 

30 
66 



* R. M. Bozorth, "Ferromagnetism," D. Van Nostrand Company, Inc., New York, 1951. 

t Private communication from E. W. Gorter. 

X F. K. Lotgering, thesis, Utrecht, and private communication. 

T[ L. N&sl and R. Benoit, Compt. rend. 237, 444 (1953). 
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ing tables. The initial permeability /uo is the ratio B/H obtained by extrapolation 
to H = and B = (at zero frequency). The maximum permeability is the largest 
ratio B/H and occurs at intermediate values of B. When H is increased indefinitely 
B - H (in cgs units) approaches the limit 4ttM„ designated also B s . The coercive 
force is that value of H necessary to bring B to zero after the material has been sub- 
jected to an indefinitely high field in the opposite direction. B vs. H curves for some 
common materials are in Fig. 5h-3. 

The normal hysteresis loss is the energy dissipated as heat when the material is 
subjected to one or more cycles during which the induction is changed for one value 

PERMEABILITY, ft 



/&/SSSSS** • *** 



20,000 




0.001 0.002 0.004 0.01 0.02 0.04 0. 

Fig. 5h-3. Representative 



I 0.2 0.4 0.6 1.0 2 4 6 8 10 20 40 60 100 200 400 1000 
FIELD STRENGTH, H, IN OERSTEDS 

magnetization curves of some commercial materials. 



B m to -B m ; its magnitude for one cycle is W h = (l/4*)fB dH and is in ergs /cm 3 
when B and H are in gauss and oersteds, respectively. W h is dependent on B m 
and approaches a limiting value when B m approaches H + 4ttM 8 . W h is plotted 
against B m for several materials in Fig. 5h-4. In low fields Rayleigh's laws apply; 1 
W h = (±<ir/S)(dn/dH)H m z , d/i/dH being the slope of the m vs. H curve in low fields 
(near /i ). 

Data are given in Tables 5h-10 to 5h-12. 

5h-4. Properties of Some Materials for Permanent Magnets. In the use of 
materials for permanent magnets, important quantities are the coercive force H c , the 
residual induction B r , and the energy product BH. The latter is the product of B 
and — H for points on the demagnetization curve, the portion of the hysteresis loop 

1 R. M. Bozorth, "Ferromagnetism," D. Van Nostrand Company, Inc., New York, 1951. 
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Table 5h~ll. Ferroxcube-type Ferrites* 
(Commercial materials, representative values) 
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Loss: J 




















fre- 


Desig- 


MnFe 2 4 , 


ZnFe 2 4 , 


B„ 


*,t 




d, 


H c , 


P,t 


quency 


nation 


mole % 


mole % 


gauss 


°C 


Mo 


g cm" 3 


oersteds 


ohm-cm 


for 
tan 8 — 
0.1, kc 


III A 


48 


521f 


3,300 


100 


1 ,400 


4.9 


0.2 


20 


300 


B 


58 


42 


4,500 


150 


900 


4.9 


0.3 


20-100 


460 


C2 


62 


38 


4,700 


150 


1,100 


4.9 


0.4 


80 


420 


D2 


79 


21 


5,100 


210 


700 


4.8 


0.5 


80 


420 




NiFe 2 4 , 


ZnFe 2 4 , 






mole % 


mole % 


3,600 


125 


650 


4.9 


0.4 


10 5 




IV A 


36 


64 


1,800 


B 


50 


50 


4,200 


250 


230 


4.55 


0.7 


10 5 


7,000 


C 


64 


36 


4,100 


350 


90 


4.2 


2.1 


10 5 


16,000 


D 


80 


20 


3,600 


400 


45 


4.1 


4.2 


10 5 


29,000 


E 


100 





2,300 


500 


17 


4.0 


11 


10 5 


60,000 



* Compiled by F. G. Brockman, Philips Laboratories, and E. W. Gorter, Philips Research Labora- 
tories. 

f Minimum value. 

JLoss angle 5. tan 5 = 1/Q = R/(wL). See Sec. 5h-5. 

f All varieties of ferroxcube III include in the composition controlled amounts of ferrous ferrite. 
The amount varies with the grade but is in general a few mole per cent. 



Table 5h-12. Ferramic-type Ferrites" 
(Commercial materials, representative values) 





Composition, mole 


% 




























B for 

H = 25, 

gauss 


0, °C 


mo at 
1 Mc/sec 


flm 


He, 

oersteds 




Desig- 
nation 


MgO 


MnO 


NiQ 


ZnO 


Fe 2 03 


moQ at 
1 Mc/sec 6 


O-l 




32 




17 


51 


4,250 


185 


1,000 


4,250 


0.24 


3 , 600" 


Q 






16 


22 


62 


3,300 


350 


125 


400 


2.1 


50,000 


C 


5 


10 


20 


15 


50 


4,200 


330 


250 


1,100 


2.1 


16,000 


E 






20 


30 


50 


3,800 


160 


750 


1,700 


0.65 


13,000 


I 






15 


34 


50 


2,000 


70 


900 


3,000 


0.3 


3,300 


H 






16 


28 d 


51 


3,400 


150 


850 


4,300 


0.18 


3,500 


H-l 


20 




4 


22« 


50 


2,800 


125 


550 


3,800 


0.35 


2,500 


S-3" 


32 


27 






41 


2,000 


265 


45 


1,800 


0.6 




S-l" 


34 


23 






42 


1,780 


265 


40 


515 


1.5 




R-l' 


58 


6 






36 


1,600 




50 


350 


2.5 


1,700 



° Compiled by C. L. Snyder and E. Albers-Schoenberg, General Ceramics Corp. 

*Loss angle 5. tan S = 1/Q = R/(a>L). See Sec. 5h-5. 

e Square hysteresis loop, Br/Bs = 0.90. 

d Contains also 5 mole per cent copper. 

• Contains also 4 mole per cent copper. 

f A little different in composition from ferramic A. 

"mo Q = 67,000 at 50 kc/sec. 
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Fig. 5h-6. Demagnetization curves of some important materials for permanent magnets. 

that lies in the second quadrant. The maximum energy product (BH) m is the largest 
value of BH for points on the demagnetization curve, and this is the best single 
criterion for a material for use in permanent magnets. The point Bd f Hd correspond- 
ing to (BH)m is the desirable point 1 for operation (see Fig. 5h-5). 

Demagnetization curves for several important materials are given in Fig. 5h-6, and 
constants for the commonly used materials in Table 5h-13. [Note improved proper- 
ties of fine-powder magnets recorded in Table 5h-13 (private communication from 
T. O. Paine)]. 

1 R. M. Bozorth, "Ferromagnetism," D. Van Nostrand Company, Inc., New York, 1951; 
K. Hoselitz, "Ferromagnetic Properties of Metals and Alloys," Oxford University Press, 
New York, 1952. 
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5h-6. Losses at Low Inductions. Losses in magnetic materials in alternating fields 
at low inductions ( <100 gauss, approximately) are usually described by the following 
equation: 1 

= aB + c + */ 



R_ 



R is in ohms (series) and L in henrys, as measured on an a-c bridge, n the permeability, 
/ the frequency of alternating current in cps, B the maximum induction in gauss 
during the cycle, and a, c, and e the constants given in Table 5h-14. The constant a 
is generally ascribed to hysteresis, c to lag, and e to eddy currents. 
The loss angle 5 is related to these constants and Q as follows: 



tan 



1 




R_ 

QiL 



R 

2irfL 



This is valid only at low frequencies, when eddy-current shielding is negligible. 

Table 5h-14. Material Constants for Losses at Low Inductions 
(a is hysteresis constant, c the "lag" constant, and e the eddy-current constant) 



Material 


Size 


Mo 


a X 10 6 


c X 10 6 


e X 10 9 


Carbonyl iron 


5 m 

0.001-in. sheet 
120 mesh 
400 mesh 


13 

13,000 

125 

14 

1,500 

200 


5 
2 

1.6 
11 
1.6 
7 


60 



30 

140 

4.8* 


1 


Mo Permalloy 


10 


Mo Permalloy 


19 


Mo Permalloy. . 


7 


Mn Zn ferrite ... 


0.3 


Ni Zn ferrite 




0.2 









*/ < 1 Mc/sec, higher values at higher frequencies. 

Table 5h-15. Change of Curie Point with Pressure* 



Specimen 



Fe 

Co 

Ni 

Gd 

Fewith4% Si-Fe. . 
Fe with 10% Si-Fe 
30% Ni-Fe........ 

36% Ni-Fe 

68% Ni-Fe 

Monel 

Alumel (94% Ni).. 
Mno.5Zno.5Fe 2 4 . . . 
Lae.75Sr .25MnO 3 . . . 



Change, °C/1,000 atm 



± 0.2 

± 1 
+0.35 ± 0.03 
-1.2 ±0.2 
-0.1 ± 0. 
+0.2 ± 0. 
-5.8 ± 0. 
-3.6 ± 0. 
-0.1 ± 0. 
+0.07 ± 0.03 
+0.03 ± 0.04 
+0.9 ± 0.05 
+0.6 ± 0.06 



Approx 0, °C 



770 

1120 

360 

16 
733 
615 

80 
210 
606 

50 
143 

90 

80 



* L. Patrick, Phys. Rev. 93, 384 (1954). 

5h-6. Change of Curie Point with Pressure. Using magnetic material as the core 
of a transformer, the change in magnetic induction B at a field strength of about 
1 oersted has been measured under hydrostatic pressures up to 9,000 atm. From 
this the change in Curie point has been derived. See Table 5h- 15. 

i C. D. Owens, Proc. IRE 41, 359 (1953). 
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Table 5h-16. Magnetic Crystal Anisotropy Constants o> 
Cubic Crystals 

Material Ki X 10~ 3 , ergs/cm 3 

Fe: 

-196°C 520 

20 9 C 460 

200°C 290 

400°C 120 

Ni ■■ 

-253°C , -750 

-100°C -300 

20°C _51 

200°C . . 5 

40% Ni-Fe 6 10 

75% Ni-Fe, 6 disordered 

75% Ni-Fe, 6 ordered —40 

90% Ni-Fe 6 -15 

30% Co-Fe 102 

50% Co-Fe -70 

70% Co-Fe..... -430 

65% Co-Ni -260 

20% Co-Ni -4 

25% Co, 50% Ni, 25% Fe 4 

3%Si-Fe. 350 

7%Si-Fe. 180 

24% Cu-Ni 5 

Fe 3 4 -135 

Fe 3 4 c ... ....... -110 d 

Fe 3 4 , -150°O +25 rf 

Co .8Fe 2 2 (V 3,400 

C01.1Fe1.9O4" .... 1,800 

Coo.3Zno.2Fe2.2O4 6 ..... 1,500 

Mno.45Zno.55Fe 2 04 / . ........ —4 

Mn1.0Fe1.9O4, 20°O. ......... -33 

Mm oFei.90 4 , - 195 0. . -240 

Nio.7eFe2.i6O4, 20°O -39, -43 d 

Nio.7eF2.1eO4, -195 -42, -74 rf 

a Unless specified, values are for room temperature. See R. M. Bozorth, " Ferromagnetism," D. Van 
Nostrand Company, Inc., New York, 1951, except as noted. Additional data are given in the original 
reports. 

b R. M. Bozorth and J. G. Walker, Phys. Rev. 89, 624 (1953). 

e L. R. Bickford, Phys. Rev, 78, 449 (1950). 

d Using microwave technique. 

' ?M- Bozorth, E.F. Tildeik > and A ' J * Williams ' Phys. Rev. 99, 1788 (1955). Also other ferrites. 

/ J. K. Gait, et al„ Phys. Rev, 81, 470 (1951). 

Private communication from S. Geschwind and J..F. Dillon. 

* Bozorth, Cetlin, Gait, Yager, and Merritt, Phys. Rev. 99, 1898 (1955). 

6h-7. Magnetic Crystal Anisotropy. For cubic crystals, anisotropy energy per 
unit volume is 

E m K.i(<*i*a t * + a 2 2 a 3 2 + <* 3 W) + /£Wa 2 2 « 3 2 

where the as are the direction cosines of saturation magnetization with respect to the 
crystal axes. Usually the K 2 term is negligible. 
In uniaxial crystals (e.g., hexagonal) the energy is 



E ■- Ki sin 2 6 + K 2 



sin 4 
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Table 5h-17. Anisotropy Constants of Uniaxial Crystals 



Material 


Temperature, 
°C 


K x X 10~« 


K 2 X 10-« 


Co 


-176* 

20* 

20f 

220* 

39* 


7.9 
5.3 
4.3 
0.8 
-2.1 


1.0 

1.0 

1.2 

0.65 

0.4 


BaFeizOig 


20 
-190 


3.2H 
3.5H 


OJ 


BaFei 8 027 


20 If 
-1901F 


3.0 
3.5 








K, + K 2 


MnBi§ 


20 
-190 


12 X 10 6 



Mn 2 Sb§ 


20 
-190 


2,500 
-13,000 



* W. Sucksmith and J. E. Thompson, Proc. Roy. Soc. (London), ser. A, 225, 362 (1954). 
t R. M. Bozorth, Phys. Rev. 96, 311 (1954). 
% Private communication from E. W. Gorter. 

% J. J. Went, G. W. Rathenau, E. W. Gorter, and G. W. van Osterhout, Philips Tech. Rev. 13, 194 
(1952). 

§ C. Guillaud, Thesis, Strasbourg, 1943. 

6 being the angle between the saturation magnetization and the axis. Higher-order 
terms may occur. See Tables 5h-16 and 5h-17. 

6h-8. Saturation Magnetostriction. Crystals. When a cubic crystal is magnetized 
to saturation in a direction defined by the direction cosines <*i, a 2 , <*3, the fractional 
change in length measured in the direction 0i, /3 2 , 03 is given to a first approximation 
by the relation 

(^ . X, - | X 10 o («iW + «iVi» + «iW - |) 

+ 3\iu(ai«2/3i/32 + ct2pt$$z + azai&npi) 

provided that in the initial condition, from which X, is measured, the domains are 
distributed equally among the easy directions of magnetization (6 (lOO) directions in 
Fe, 8 (ill) directions in Ni). In any case, this equation gives the correct change in 
\ 8 as the as are varied. Higher-power terms are sometimes used. The constants 
Xioo and X m are given for some cubic materials in Table 5h-18. 

The saturation magnetostriction of poly crystalline material with random crystal 
orientations and equally distributed domains can be calculated from these constants, 
and when the fractional change in length is measured parallel to the saturation 
magnetization (longitudinal magnetostriction) it is 



X.- 



2Xioo i 3Xn 



Observed values of the saturation magnetostriction are given in Table 5h-19, 
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Table 5h-18. Magnetostriction Constants of Some Cubic Crystals* 



Material 



Fe....:.. , 

40% Ni-Fe. 

60% Ni-Fe 

73% Ni-Fe (annealed). . 
73% Ni-Fe (quenched). 

80% Ni-Fe 

Ni 

3% Si-Fe 

7% Si-Fe... 

Fe 3 4 t... 

Fe 3 4 , -150°Ct 

Nio. 8 Fe 2 . 2 04 

MnFe 2 4 1[ 

Co .8Fe 2 .2O 4 1F 

Co . 3 Zn . 2 Fe2.2O 4 1f 

Coo.3Mno.4Fe2.oO4U 

Mno.6Zno.jFe2.1O4T 



X 10 6 



Xm X 10 6 



20 


-20 


-7 


30 


27 


22 


19 


7 


15 


14 


9 





-46 


-24 


27 


-5 


-5 


3 


-20 


80 


-23 


55 


-36 


-4 


-35 


-1 


-590 


120 


-210 


110 


-200 


65 


-14 


14 



♦See above equations. R. M. Bozorth, " Ferromagnetism, " D. Van Nostrand Company Inc 
New York, 1951. 

tL. R. Bickford, J. Pappis, and J. L. Stull, Phys. Rev. 99, 1210 (1955). 

t R. M. Bozorth and J. G. Walker, Phys. Rev. 88, 1209 (1952). 

f R. M. Bozorth, E. F. Tilden, and A. J. Williams, Phys. Rev. 99, 1788 (1955). 

Table 5h-19. Saturation Magnetostriction of Some 

POLYCRYSTALLINE MATERIALS 



Material* (wt. %) 



100 Fe 

80 Fe, 20 Co 
60 Fe, 40 Co 
40 Fe, 60 Co 
30 Fe, 70 Co 
20 Fe, 80 Co 

100 Co 

80 Fe, 20 Ni. 
70 Fe, 30 Ni. 
60 Fe, 40 Ni. 
40 Fe, 60 Ni. 
20 Fe, 80 Ni. 
10 Fe, 90 Ni. 
20 Co, 80 Ni 
40 Co, 60 Ni. 
60 Co, 40 Ni. 
80 Co, 20 Ni. 



X, X 10 6 



30 
65 
70 
1301[ 
30 

35 



15 

25 

2 

-25 

-10 

5 

-6 

-25 



Material f 



MnFe 2 4 

Fe 3 4 

CoFe 2 4 

NiFe 2 4 

CuFe 2 4 

MgFe 2 4 

Lio.5Fe2.5O4 

Ferroxcube III. . 
Ferroxcube IV A 
Ferroxcube IV E 
Ferroxdur I 



X, X 10« 



-5 

+40 

-not 

-26 

-10 

-5 

-1 

<UI 

-4 

-22 

-25 



* R. M. Bozorth, "Ferromagnetism," D. Van Nostrand Company, Inc., New York 1951 
tC. M. Diethelm, Tech. Milt. PTT 29, 281 (1951); J. Smit and H. P. J. Wijn, "Advances in Elec- 
tronics and Electron Physics," vol. VI, p. 83, Academic Press, Inc., New York, 1954. 
t R. Vautier, Compt. rend. 235, 417 (1952). 
f Nesbitt, E. A., J. Appl. Phys. 21, 879 (1950). 
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The saturation magnetostriction of hexagonal crystals is described 1 by the following 
4-constant relation: 

X, = \a{(<xiPi + «2^ 2 ) 2 - (aijSi -I- atft)a 9 fal 
+ Xn[(l - «3 2 )(1 - /3s 2 ) - (aij&i + « 2 2 ) 2 ] 
+ Xc[(l - a 3 2 )^3 2 - (aifa + atfi)atPil- ,. 
-f- 4Xz>(«i|3i + olMolzPi 

in which the direction cosines of M, («'s) and X a (jS's) are referred to rectangular axes 
so chosen that the 3 axis is the hexagonal crystal axis [001] and, the 1 and 2 axes are, 
respectively, [100] and [120] crystallographic axes. 
The constants for cobalt 2 are 

X A = -45 X 10~ 6 \b = -95 X 10-' 6 

Xc = +H0 X 10~ 6 X D = -100 X 10" 6 

*• = ^¥ + %f = " 70 x 10 ~ 6 (calc) 

Poly crystalline Materials. Values of saturation magnetostriction X, of some alloys 
are given in Table 5h-19. The specimens do not necessarily have randomly oriented 
crystals and equally distributed domains. Further data and references to the original 
literature are found in Bozorth. 3 Magnetostriction in unsaturated material is shown 
in Fig. 5h-7 for Fe, Co, Ni, and 45 per cent Ni-Fe. 

Volume Magnetostriction. In high fields the isotropic fractional change in volume 
o> usually depends linearly on the field strength H as shown in Table 5h-20. In low 
and intermediate field strengths when domain wall motion and domain rotation are 
taking place, there is some (anisotropic) change of volume; the only well-established 
observation of this kind is on cobalt 2 when it is saturated perpendicular to the hex- 
agonal axis, and then is observed to be —26 X 10~* 6 . 

Table 5h-20. Fractional Change in Volume with Field Strength in 

High Fields* 
(Temperature is 20°C unless otherwise noted) 
Material co X 10 9 /oersted 

Fe 0.6 

Cof 0.6 

Ni -0.6 

Ni (340°C) 0.2 

Fe 3 4 -0.1 

30% Ni-Fe 30 

67% Ni-Cu 1.4 

*As summarized by R. M. Bozorth, "Ferromagnetism," D. Van Nostrand Company, Inc., New 
York, 1951. 

f R. M. Bozorth, Phys. Rev. 96, 311 (1954). 

5h-9. Antiferromagnetism. Antiferromagnetism is characterized by the tendency 
of the magnetic dipoles of near-neighboring atoms to be arranged antiparallel. The 
temperature at which the heat motions destroy the spatial arrangement is called the 
antiferromagnetic Curie point or the Neel point 6 N , and values for some materials are 
given in Table 5h-21. Here, the Neel points are based on specific heat and neutron 
diffraction as well as magnetic susceptibility measurements. Reference to original 

i W. P. Mason, Phys. Rev. 96, 302 (1954). 

2 R. M. Bozorth, Phys. Rev. 96, 311 (1954). 

3 R. M. Bozorth, "Ferromagnetism," D. Van Nostrand Company, Inc., New York, 1951. 
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Table 5h-21. a Antiferromagnetic or N&el Points, e N 



Substance 



CoCl 2 . 

CoF 2 

CoI 2 c 

CoO 

Co(NH 4 )2(S04)2-6H 2 0>- 

CrCl 2 

CrCl 3 c 

Cr 2 3 

CrSb.. 

CuBr 2 

CuCl 2 -2H 2 

CuCl 2 

CuO 

ErFe0 3 fc 

FeCl 2 :.... 

FeCo 3 

FeF 2 

FeO 

aFe 2 3 

FeS 

FeSb 2 <* 

FeS0 4 

Fe 2 Si0 4 • 

FeTe 

GdV0 3 fc 



N , °K 



Substance 



25 

38 

18 
291 
0.08 

40 

20 

307 

670 

193 

4.3 

70 
230 
4.5 

24 

35 

79 
190 
950 
613 
773 

23 

65 

70 
7.5 



GdFe0 3 fc ..... 

MnAs b 

MnBi 6 

MnBr 2 4H 2 0. 
MnCl 2 . ...... 

MnCl 2 -4H 2 0. 

MnF 2 

MnO . 

Mn0 2 

MnS 



MnSe. 



MnTe. . . . 

NiCl 2 

NiF 2 « 

NiO 

NiSCV... 

Ti 2 (V 

VC1 3 

V 2 3 

V 2 4 

ZnCr 2 4 *. 
ZnFe 2 4 fc . 

Cr* 

Mn* 



e N , °K 



2.5 
318 
630 
2.2 
2 

1.7 

72 

116 

90 

140 

(160 

1247 

307 

50 

73 

520 

30 

248 

30 

173 

343 

15 

9 

475 

100 



« Compiled by T. R. McGuire, Naval Ordnance Laboratory. 

* First-order phase transitions which may be ferromagnetic-antiferromagnetic transitions. 

* S. S. Shalyt, J. Exptl. Theoret. Phys. (U.S.S.R.) 8, 1073 (1939). 
<*T. Rosenquist, Acta Met. 1, 761 (1953). 

e J. W. Stout and E. Catalano, Phys. Rev. 92, 1575 (1953). 

/ J. C. Jackson, Commun. Phys. Lab. Univ. Leiden 163, 1923. 

S. F. Adler and P. W. Selwood, /. Am. Chem. Soc. 76, 346 (1954) 

a Private communication from L. M. Corliss, J. M. Hastings S A Fnedberg and J E. Goldman 

* C. G. Shull and M. K. Wilkinson, Revs. Modern Phys. 25, 100 (1953); L. Patrick, Phys. Rev. 93, 370 
( 1954). 

» C. B. G. Garrett, J. phys. radium 12, 219 (1951). , inc «x 

* R. M. Bozorth, H. J. Williams, D. E. Walsh, Phys. Rev. 103, 572 (1956). 

work can be found in summaries. 1 Where the compound is not listed in the sum- 
maries, original references are noted. 

The neutron, by virtue of the fact that it possesses a magnetic moment, is capable 
of interacting with atoms having permanent electronic magnetic moments. Through 
this magnetic interaction, atoms with unpaired electrons act as scattering centers for 
neutrons. The scattering of neutrons by antiferromagnetic crystals gives rise to 
diffraction effects which are analogous to those obtained with X rays. From such 
diffraction patterns it is possible to determine the magnitudes of atomic moments and 
their orientations relative to one another. These are given in Table 5h-22. In 
favorable cases it is also possible to deduce the orientation of the magnetic moments 

1 H. Labhart, Z. angew. Math. Physik 4, 1 (1953); J. S.. Smart, Phys. Rev. 90, 55 (1953); 
A. B. Lidiard, Repts. Prog, in Phys. 17, 240 (1954); T. Nagamiya, K. Yosida, R. Kubo, 
Advances in Physics 4, 1 (1955). 
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Table 5h-22. Antifekromagnetic Materials Studied by 
Neutron Diffraction* 



Substance 



Structure 
type 



Magnetic 
unit cell 
in terms 
of cryst. 
cell 



Neel 
point 
from 
dif- 
fraction 



Magnetic 
structure 
type (see 
Fig. 5h-8) 



Direction 

of 
magnetic 
moments 



Ref. 

1 
1 
1 
1 

1 
1 
1,2 

3 

4 
4 
4 
4 



MnO.... 

MnS 

MnSe. . . . 
FeO..... 

CoO 

NiO 

<*-Fe 2 3 . • 

Cr 2 3 

MnF 2 

FeF 2 

CoF 2 

NiF 2 

Mn0 2 

CrSb 

MnBi 
(>340- 
360°C). 

FeSi+s... 

CuO 

Cr 



NaCl (f.c. 

cubic) 
NaCl (f.c. 

cubic) 
NaCl (f.c. 

cubic) 
NaCl (f.c. 

cubic) 



NaCl (f.c. 

cubic) 
NaCl (f.c. 

cubic) 
Cr 2 3 (rhom- 

bohedral) 

Cr 2 3 (rhom- 

bohedral) 
Sn0 2 

(tetragonal) 
Sn0 2 

(tetragonal) 
Sn0 2 

(tetragonal) 
Sn0 2 

(tetragonal) 

Sn0 2 
(tetragonal) 

NiAs 
(hexagonal) 



NiAs 

(hexagonal) 
NiAs 

(hexagonal) 
Monoclinic 

(C 2 * 6 ) 
b.c. cubic 



2a 
2a 
2a 
2a 

2a 
2a 
a<j 

ao 

ao f Co 

ao,co 

do } Co 

ao,Co 

2a ,2c 

ao } Co 

ao,co 
do,Co 
do,bo f Co 



124°K 



75°K 
90°K 
45°K 
83°K 

120°K 



230°K 
»475°K 



MnO 
MnO 
MnO 
MnO 

MnO 
MnO 
Fe 2 3 

Cr 2 3 
MnF 2 
MnF 2 
MnF 2 
MnF 2 

Mn0 2 

CrSb 

CrSb 
CrSb 

i 



II cube 

edge 

|| cube 



|| cube 
edge 

± ferro- 
magnetic 
(HI) 
sheets 

|| cube 
edge 

|| cube 
edge 

II or ± 
(HI) 
sheets t 



|| tetrag- 
onal axis 

|| tetrag- 
onal axis 

|| tetrag- 
onal axis 

10° from 
tetrag- 
onal axis 

_L tetrag- 
onal 
axis H 

|| c axis 



II c axis 
_L c axis 



7 
8 
9 
10 
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Table 5h-22. Antiferromagnetic Materials Studied by 
Neutron Diffraction* (Continued) 



Substance 



a-Mn 

MnCu 

alloys 

(69-85% 

Mn) 
ZnFe 2 4 . . . 
ZnCr 2 4 . • . 
LaMnOs, . . 



CaMnOs. . 



LaFeOs**. 



LaCrO». , 



LajCa|- 
Mn0 3 



LajCa|- 
Mn0 3 



Structure 
type 



Cubic 
f.c. 
(tetragonal) 



Spinel (cubic) 

Spinel (cubic) 

Distorted 
perovskite 
(pseudo- 
cubic) 

Distorted 
perovskite 
(pseudo- 
cubic) 

Distorted 
perovskite 
(pseudo- 
cubic) 

Distorted 
perovskite 
(pseudo- 
cubic) 

Distorted 
perovskite 
(pseudo- 
cubic) 

Distorted 
perovskite 
(pseudo- 
cubic) 



Magnetic 
unit cell 
in terms 
of cry st. 
cell 



ao 
ao,c 



2a 
2a 
ao,2ao 



2ao 



2an 



2ao 



2ao,2ao,flo 



4ao,4a ,2a 



Neel 
point 
from 
dif- 
fraction 



*100°K 
380°K 



«9°K 

«15°K 

140°K 



«100°K 



Magnetic 
structure 
type (see 
Fig. 5h-8) 



Complex 
MnCu§ 



Complex 
LaMnOs 

CaMnO, 

CaMnQ, 

CaMnOa 

LajCa|Mn0 8 

Complex 



Direction 

of 
magnetic 
moments 



|| cell edge 
in (001) 
plane _L 
c axis 



Ref. 



10,11 
12 



13 
14 
15 



15 



15 



15 



15 



15 



* Compiled by L. M. Corliss and J. M. Hastings, Brookhaven National Laboratory, 
f Room temperature, II (111) planes; low temperatures, JL (111) planes. 
X Alternate (202) planes coupled antiferro magnetically. 
it x,y directions not determined. 
§ Idealized for y Mn. 
** This compound and possibly all of the last 6 are orthorhomic [S. Geller and E. A. Wood, Aeta Cryst. 
9,563(1956)]. 
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Cr~0, 



On + - 



MnFo 



/ 



*N 



J °/ 



MnO, 



*£ + -^ + 



Co- 



CrSb 



, ........ | 20o 

2a 

La Ca 3 Mn0 3 
'4 '4 



OojZ 


f--^ 






r 1/ 


7^ 


il 


^ 



y 



2 

- 


■^ 





—A 

M 




+ 
1/ 

/ 



2Qn 



MnCu LaMnQ 3 CaMn0 3 

Fio. 5h-8. Orientations of magnetic moments in antiferromagnetic materials of various 
types. Here -f and — signs indicate oppositely directed moments. The directions of the 
moments in any given material are given in Table 5h-22, column (6). 

relative to the crystallographic axes. In the diagrams of Fig. 5h-8 plus and minus 
signs have been used whenever possible to denote oppositely directed magnetic 
moments. The orientation of the antiferromagnetically coupled system of moments 
relative to crystallographic axes is indicated in a separate column in Table 5h-22. 

6h-10. Gyromagnetic Ratios and Spectroscopic Splitting Factors. 1 The gyro- 
magnetic ratio g' is defined by the relation 



= 



M 2mc 
e 



1 Compiled by J. K. Gait, Bell Telephone Laboratories. 
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Table 5h-23. Spectroscopic (Land£) Splitting Factors g and 

Gyromagnetic Ratios g' of Various Substances 

(Compiled July, 1953) 



Substance 


Q' 


Ref. 


9 


Ref. 


Fe 


1.934 + 0.006 


1 


2.12 


2 




1.946 ± 0.002 


3 


2.14 


4 


Co 


1.855 ± 0.013 
1.873 ± 0.008 


1 
3 


2.22 


2 


Ni 


1.912 ± 0.008 
1.855 ± 0.004 


1 
3 


2.19-2.42 


2,5 


Binary Fe-Co-Ni alloys 

75% Fe, 24.5% Ni (Hopkinson's alloy) 




6 






1.967 ± 0.002 


1 






65% Fe, 34% Co (Preuss' alloy) 


1.931 ± 0.003 


1 






50% Fe, 50% Ni (Hipernik) 


1.903 


1 






22% Fe, 78% Ni (Permalloy) 


1.910 ± 0.002 


1 


2.07-2.14 


6a 


15% Fe, 79% Ni, 5% Mo, 0.5% Mn 










(Supermalloy) 

54% Co, 45% Ni (Bloch's alloy) 






2.17 


7 


1.862 ± 0.004 


1 






Heusler alloy 


2.000 ± 0.022 


1 


2.01 


8 


MnOFe 2 3 


1.94 ±0.04 


10 


2.00 


11 


Fe 3 4 


1.96 ±0.06 


9 


2.11 ±0.04 


12 


~FeSi.i2 


0.62 


9 






NiOFe 2 3 


1.94 ±0.04 


9 


2.19 


13 


CuOFe 2 3 


1.94 ±0.04 


9 






Copper ferrite* 
Ni-Zn ferrite* 






2.05 


14 






2.12 


15 


MgOFe 2 3 
Mno 4sZno 5sFe 2 04 






2.04 


16 






2.00 


17 


Lin ftFei 9fiCri 9aOi 








18 


Li 5 FeCri 5 4 








18 


Fe 2 3 (a) 


1.96 ±0.05 


9 






NiAl*Fe 2 x Oi 








19 









* Composition not certain. 
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where m/e is the mass-to-charge ratio of the electron and c is the velocity of light 
M/J is the ratio of the dipole moment to the angular momentum of the electrons 
which contribute to the spontaneous magnetization as measured in an Einstein-de 
Haas or a Barnett-effect experiment. 

The spectroscopic splitting factor g for ferromagnetic materials is denned thus: 

hv 

where v is the Larmor precession frequency of the moment associated with a sample 
of the material in a field H as measured in a ferromagnetic-resonance experiment, h is 
Planck s constant, and is the Bohr magneton. See Table 5h-23 

6h-ll. Magneto-optical Rotation (Faraday Effect).* This subject is treated in 
two parts, separate attention being given to the Faraday effect in ferrites and related 
materials at microwave frequencies. 

In most nonferromagnetic materials the rotation of the plane of polarization can be 
represented by the relation 

e = KML + VHL 

where — rotation, minutes of arc 

M = intensity of magnetization of medium, cgs units 

H = magnetic field, oersteds 

L = path length, cm 

V = Verdet's constant, minutes/(oersted-cm) 

K = Kundt's constant, (minutes /cm) /(magnetic moment /cm 3 ) 
This equation is valid for most paramagnetic and diamagnetic materials if measure- 
ments are not taken in the region of an absorption line. If the susceptibility of the 
diamagnetic or paramagnetic substance does not depend upon field strength then the 
rotation can be written in terms of a Verdet's constant alone. In ferromagnetic 
materials no simple relation is valid. Data are given in Table 5h-24. 

The Faraday effect which occurs at microwave frequencies is described bv the 
relation J 

° = £c V^(V/T+lf _ VJT^K)L 

where = rotation, radians 

w = angular frequency, radians /sec 
c — velocity of light 
L = path length, cm 
e = dielectric constant 

Laboratories ^ C * L * H ° gan ' Harvard Universit y» and J. H. Rowen, Bell Telephone 
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Table 5h-24. Fabaday Rotation in Various Materials 
Thin Films of Iron* Wavelength 5,790 A, ±ttM . « 21,000 gauss 



Magnetic field, 


Path length, 


Rotation X 10~ 4 , 


oersteds 


M 


deg/cm 





0.1 





1,000 


0.1 


2 


10,000 


0.1 


20 


24,000 


0.1 


38 


27,000 


0.1 


38 


24,000 


0.05 


19 



Diamagnetic Solids and Liquids 



Substance 


Wavelength, 


V X 10 3 , 

min-oersted l cm 1 . 


H 2 0, 25°C 

C 2 H 5 OH d , 20°C 
CH 3 OH d , 20°C 
C 6 H 6 <*, 20°C 
CS 2 d , 20°C 
Quartz d J_ to axis 


2,496 
5,000 
10,000 
13,000 
5,893 
5,893 
5,893 
5,893 
5,893 


. 1042 b 

0.0184 c 

0.00410 d 

0.00264 d 

0.1112 

0.0094 

0.0297 

0.04226 

0.01664 



Gases e 



2 , 7.0°C, 100 kg/cm 2 


4,230 


0.908 




5,550 


0.604 




6,560 


0,484 


Air, 17.6°C, 100 kg/cm 2 


4,230 


1.062 




5,550 


0.618 




6,560 


0.452 


N 2 , 100 kg/cm 2 , 14°C 


4,230 


1.097 




5,550 


0.620 




6,560 


0.439 


C0 2 , 1 atm, 6.5°C 


4,230 


0.01723 




5,550 


0.0Q975 




6,560 


0.00691 



Liquefied Gases 7 



N 2 , -195.5°C 


5,893 


4.15 


2 , -182.5°C 


5,893 


7.82 


S0 2 , -10°C 


5,893 


18 


CS 2 , +18°C 


5,893 


43 


CH 3 C1, +18°C 


5,893 


12.9 


C0 2 , +26°C 


5,893 


2.07 


N 2 0, -92°C^ 


5,893 


5.54 



« H. Konig, Optik 3, 101 (1948). 
b S. Landau, Physik. Z. 9, 417 (1918). 
«L. H. Siertsema, Arch. Neerl. 6, 826 (1901). 
<*L. R. Ingersoll, Phys. Rev. 23, 489 (1906). 

« Siertsema, Vers, Konink. Ned. Akad. Wetenschap. Proc. 2, 31 (1894); 3, 230 (1895); 4, 317 (1896); 
5,132(1897). 

/ S. Chaudier, Compt. rend. 156, 1008, 1529 (1913). 

o Siertsema, Commun. Phys. Lab. Univ. Leiden 90, 91 (1904). 
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and /* and K are components of a permeability tensor which describes the behavior of 
materials under the combined influence of a static and an orthogonal r-f magnetic 
field. When w 2> 4wMy and « ^> yH, the tensor components are given approximately 
by 



K 



4wMy 



where y = ge/2mc » 1.76 X 10 7 radians /(sec-oersted). The rotation is then inde- 
pendent of frequency and field and is 1 

Table 5h-25 shows the Faraday rotation observed in a completely filled waveguide 
and in waveguides containing slender cylinders of ferrite along the waveguide axis. 
Measurements of completely filled waveguides are reliable only when the materials 
attenuate the wave appreciably because of the effects of internal reflections arising 
from the abrupt discontinuities at the ferrite-air interfaces. The data on the com- 
pletely filled waveguide show the dependence of rotation upon magnetization as 




500 1000 1500 2000 2500 3000 3500 4000 
APPLIED MAGNETIC FIELD IN OERSTEDS 
Fig. 5h-9. Faraday rotation in Mg-Mn-ferrite as a function of the magnetic field strength. 
Wavelength, 3 cm; path length, 5 cm. 

evidenced by the fact that the rotation approaches a limit as the applied field saturates 
the sample. 

The data on the slender samples give the rotation at a field just sufficient to saturate 
the sample. The losses observed under these conditions are also shown along with the 
figure of merit given by the rotation in degrees per decibel of loss. 

The dependence of Faraday rotation on magnetizing field is given 2 in Fig. 5h-9 for 
a slender sample. 

Table 5h-26 giving data on ionized gases and semiconductors is included here 
because the phenomenon involved is closely related to the Faraday rotation in f errites 
and can be described by an equation similar to that on page 5-231 when the tensor 
permeability is replaced by a tensor dielectric constant. 

5h-12. Hall Constants of Ferromagnetic Elements and Alloys. 3 In ferromagnetic 
materials the Hall potential difference E H is given by the expression 



Ej 



RoH + R X M = R (H + 4*raM) 



where t is the thickness of the sample measured parallel to the magnetic field H, and / 
is the electric current in the material. M is the macroscopic magnetization within the 

1 For further information, see C. L. Hogan, Bell System Tech. J. 31, 1-30 (1952). 

2 Unpublished data by C. L. Hogan. 

3 Compiled by Emerson M. Pugh, Carnegie Institute of Technology. 
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Table 5h-25. Faraday Rotation in Ferrite Materials 

Completely Filled Waveguide 

(Note wavelength X and saturated magnetization M 8 ) 



Material 


Applied H, 
oersteds 


Rotation, 
deg/cm 


Mn .5Zno.5Fe 2 04* 








(47rM, = 1,500) 


500 


35 


(X = 3.33 cm) 


1,000 


80 




1,500 


120 




2,000 


123 




2,500 


123 


MgFe 2 4 t 








(4ttM, = 900) 


200 


3 


(X = 3 cm) 


600 


9 




1,000 


14.3 




1,400 


14.3 


MgAlo.4Fe1.eO4t 








(47rM, = 540) 


200 


3 


(X = 3 cm) 


400 


6 




500 


7.4 




1,400 


7,4 


MgAlo.sFe1.2O4t 








(4ttM. = 54) 


100 


1.1 


(X = 3 cm) 


1,000 


1.1 



Waveguides Containing Slender Cylinders 

(Faraday rotation at 4,000 Mc.J Measurements on rods 1.35 cm diam, 

supported in polystyrene in 5 cm diam waveguide) 



Composition 



Nio.6Zno.4Mno.2Fe1.sO4. 

Mg1.5Mno.2Fe1.5O4 

Mg1.oMno.1Alo.2Fe1.9O4 



4ttM 8 , 



3,840 
1,800 
1,600 



Rotation, 
deg/cm 



17.5 
13.3 
10.5 



Loss, 
db/cm 



0.9 
0.6 
0.026 



Fig. of 
merit, 
deg/db 



19.5 
21.7 
410 



(Faraday rotation at 11,200 Mc/sec.J Measurements on rods 0.355 cm diam, 
supported in polyfoam in 1.9 cm diam waveguide) 



Composition 



Nio.4Zno.6Mno.02Fe1.9O 4. 
Nio.7Zno.2Mno.1Fe1.5O4 . 
Mgo. iMn . 02AI0. 2Fei. 7O4 



4ttM„ 
gauss 



3,850 
2,800 
1,600 



Rotation, 
deg/cm 



9.4 
5.6 
3.77 



Loss, 
db/cm 



0.013 



0.01 + 



Fig. of 
merit, 
deg/db 



730 

2,150 

370 
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Table 5h-25. Faraday Rotation in Ferrite Materials (Continued) 
(Faraday rotation at 24,000 Mc, rods 1.0 mm diamlf) 



Composition§ 


4ttM s , 


Rotation, ' 




gauss 


deg/cm 


Ferroxcube 4 A 


3,360 


13.8 


4B 


4,400 


28.0 


4C 


4,365 


20.0 


4D 


3,470 


9.8 


4E 


2,315 


5.8 



*C. L. Hogan, Bell System Tech. J. 31, 1-30 (1952). 

t F. F. Roberts, J. phya. radium 12, 305 (1951). 

t Private communication from J. P. Schafer, Bell Telephone Laboratories. 

IF A.A.T.M. van Trier, Thesis, Delft, 1953. 

§ See Table 5h-ll. 

Table 5h-26. Faraday Rotation in Other Materials 
Free Electrons in Ionized Gases 



Substance 


Wavelength, 
cm 


Magnetic 

field, 
oersteds 


Pressure, 
mm Hg 


Electron 
density* 
No. /cm 3 


Rotation, 
deg/cm 


Net 
At 

Nt 

Ne + 1% At 


4 
4 

4 
5.45 


38.8 
51.8 
64.4 
64.4 
75.0 
63.6 
500 

1,000 

1,250 

1,500 


0.040 
0.030 
0.004 
042 
0.040 
0.120 
1.0 


4.10 X 10 11 

5.31 

0.40 

4.08 

5.21 

5.45 


0.649 
1.28 
0.0653 
0.995 
1.74 
1.83 
0.394 
2.36 
7.08 
12.6 
















Semiconductors 

(The only data available are on high-purity germanium % under the following 

conditions: temp., 77°K; N type; electron mobility at 77°K, 28,000 cm* 

volt 1 sec *; carrier density, 10 14 electrons /cm 3 ; X, 1.25 cm) 



Magnetic 

field, 
oersteds 


Rotation, 
deg/cm 


Magnetic 

field, 
oersteds 


Rotation, 
deg/cm 


1,690 
3,380 
5,070 
6,760 


364 
532 
538 
458 


8,450 
10,140 
11,830 
13,520 


324 
212 
109 
212 



* Calculated. 
(19 + 32)'. KeCk ^ J * ZemieCk * H ° Chfreq - U ' Elekt ™*™s- 40, 153 (1932); Keck, Ann. Physik 15. 903-925 

iw' ^°J|} stein and M - Lampert, Phys. Rev. 82, 956 (1951). 
1 t±. Suhl and G. L. Pearson, Phys. Rev. 92, 858 (1953). 
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material and B fc Bi, and a are constants of the material when their temperatures are 
held constant. Table 5h-27 lists values of R„ in ohm-cm /oersted and fii in ohm-cm 
per cgs unit of magnetization M. Negative sigas indicate electronic-type conduc- 

tion. Ri — 4naRo.' 

6h-13. Susceptibility. 1 The atomic susceptibilities of the elements at room temper- 
ature are shown in Fig. 5h-10. 



100,000 



10,000 



1000 



5 

r- 



2 



IRON, COBALT, NICKEL*. 
FERROMAGNETIC 



-100 



-1000 




40 50 

ATOMIC NUMBER 
Fig. 5h-10. Atomic susceptibility of the elements at room temperature. 

Data are given in Table 5h-28 for materials which follow a Curie-Weiss law over a 
substantial temperature range. The law is 



Xmole — 



T - 



in which vmoie is the molar susceptibility (cgs magnetic moment per mole per oersted), 
C the Curie-Weiss constant, T the temperature in °K, and a constant. In addition 
to C and 6, the corresponding number of effective Bohr magnetons per formula unit 
is given, obtained from the relation 



««// 



= (3fcx m o.e^) H =2.83VC 



where is the magnetic moment of the Bohr magneton (9.274 X 10 » erg/gauss). 
• Compiled by J. K. Gait, Bell Telephone Laboratories. 
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Table 5h-27. Hall Constants of Some Materials 
Elements 
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Element 



Fe 



Purity, 
atomic % 



99.9 



Co 
Ni 



Ni 



Temp., 
°K 



99.1 



99.6 



99.99 



99.99 



286 
293 

83 

63.8 



20.4 

14.2 
286 
283 

83 

63.3 

20.4 

14.2 
282 

77 

4 

306 

77 

20 

14 

4 

290 

77 

20 



Ro X 10 13 



2.45 



-13.3 
-5,51 
-3.51 
-3.27 
-3.01 
-3.06 
-5.6 
-4.8 
-5.5 
-5.7 
-4.1 
-4.6 
-4.8 
-5.Q 

-12.6 
-3.6 
-5.0 



Ri X 10 13 



788 
698 
33.0 
28.6 
34.5 
35.0 
23.4 
-879 
-111 
-78.9 
-71.5 
-74.2 
-655 
-80 
-86 
-768 
-69.8 
-67 
-70 
-68 
-463 
-68 
-63 



25.6 



-0.14 
12.7 
2.51 
1.92 
1.89 
1.93 
9.3 
1.33 
1.24 
10.7 
1.36 
1.16 
1.16 
1.08 
2.93 
1.51 
1.00 



Ref. 







Alloys with Nickel 






Element and 


Temp., 










atomic % 


°K 


Ro X 10 13 


Ri X 10 13 


a 


Ref. 


Fe 10.5 


290 


-17 


-448 


2.1 


4 




77 


-4.5 


-206 


3.7 






20 


-4 


-225 


4.5 




16 


290 


-17 


-83 


0.4 


4 




77 


-22 


-193 


0.7 






20 


-23.5 


-240 


0.8 




25 


289 


-18.5 


427 


-1.81 


5 


55 


301 


-18.7 


11,000 


-46.8 


5 


Co 10 


290 


-22.5 


-1,210 


4.3 


4 




77 ; 


r-11 


-135 


1.7 






20 


^12 


-211 


1.4 




11 


298 


-11.3 


-1,210 


8.52 


1 


i : ' 


280 


-11.3 


-1,040 


7.32 




20 


290 


-19 


-320 


1.34 


4 




77 • 


-20 


-270 


1.07 






20 


-21 


-298 


1.13 




22 


284 


-15.6 


-14 


0.07 


1 
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Table 5h-27. Hall Constants of Some Materials (Continued) 
Alloys with Nickel 



Element and 


Temp., 


Ro X 10 13 


Rx X 10 13 


a 


Ref. 


atomic % 


°K 










Co 30 


290 


-13 


75 


-0.46 


4 




77 


-28 


-284 


0.81 






20 


-29 


-404 


1.11 




38 


294 


-19.9 


292 


-1.17 


1 




283 


-19.9 


250 


-1.00 




53 


294 


-19.6 


411 


-1.67 


1 




279 


-19.6 


318 


-1.29 




70 


298 


-19.9 


330 


-1.32 


1 




282 


-19.9 


268 


-1.07 




85 


294 


-16.4 


179 


-0.87 


1 




282 


-16.4 


167 


-0.81 




Cu 10 


293 


-10.8 


-2,960 


21.8 


3 




77 


-14.4 


-1,230 


6.8 






14 


-18.3 


-1,130 


4.9 




20 


301 


-14.5 


-6,615 


36.3 


3 




77 


-19.8 


-2,690 


10.8 






20 


-23.2 


-2,440 


8.4 






2 


-23.4 


-2,410 


8.2 




30* 


293 


-13 


-10,000 


61.2 


3 




77 


-19.5 


-6,090 


24.8 






20 


-21.2 


-5,530 


20.8 






14 


-21.2 


-5,470 


20.5 




40* 


293 


-13 


n 


n 


3 




77 


-17.7 


-4,810 


21.6 






20 


-18.8 


-4,300 


18.2 






4 


-21.9 


-4,290 


15.6 




50* 


300 


-14 


n 


n 


3 




77 


-14.8 


1,730 


9.3 






20 


-16.6 


375 


1.8 




60 


300 


-13.5 


n 


n 


3 




77 


-14.3 


n 


n 




65 


292 


-12.8 


n 


n 


3 




77 


-14.3 


n 


n 






20 


-11.7 


n 


n 




80 


300 


-9.7 


n 


n 


3 




20 


-11.4 . 


n 


n 




90 


298 


-7.4 


n 


n 


3 




77 


-8.3 


n 


n 






14 


-8.7 


n 


n 




Al 8 


293 


-10 


-10,800 


86 


4 




77 


-18 


-5,400 


24 






20 


-18 


-4,700 


21 




Si 3 


293 


-11 


-5,000 


36 


4 




77 


-10 


-2,500 


20 






20 


-7 


-2,300 


26 




Sn 3 


293 


-20 


-4,500 


18 


4 




77 


-9 


-2,350 


21 






20 


-8.5 


-2,330 


22 
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Table 5h-27. Hall Constants of Some Materials (Continued) n 

Alloys with Nickel 



Element and 


Temp., 










atomic % 


°K 


Ro X 10 13 


Ri X 10 13 


a 


Ref . - 


V 7 


293 


-48 


-28,300 


47 


6 i 




77 


-19.5 


-32,300 


132 






20 


-16 


-30,000 


149 


-.« 


Mo 3 


293 


-15 


-13,600 


72 


6 .£ 




77 


-10.5 


-10,600 


81 






20 


-11.5 


-10,500 


73 


a 


W 1.6 


293 


-11 


-5,100 


37 




77 


-10.5 


-2,700 


21 




20 


-7 


-2,640 


30 




Mn 25 d 


309 


+6.40 


4,300 


53 


5 * 
5 


25* 


295 


+4.53 


13,850 


243 




297 


-2.21 


8,870 


-320 




25» 


304 


-16.40 


4,100 


-20 


-5- l 



Alloys with Iron 



Si 


1.30 


300 

77 




6,230 
2,950 




7 b 




3.01 


299 

77 




12,000 
6,620 




7 




3.91 


298 

77 




20,200 
15,900 




7 




5.09 


300 

77 




24,000 
20,000 




7 



•ordered, p partial order. d disordered, "values are indeterminate, since the alloys are not 
ferromagnetic. 

* Values for Ro are obtained from the slope dEti/dB at high fields. For measurements near the 
Curie temperatures, (a - l)dM/dB is large enough to cause errors in Ro. Corrections for this error 
have been made in the room-temperature measurements on the alloys marked. These room-temper- 
ature results may be in error by as much as 15 %, since the values of dM/dB are not well known. Values 
of Ri are not affected by this correction. 
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The chemical formulas as written are the simplest which include whole numbers 
only. In many cases, however, in order to make n €ff per formula unit correspond t© 
the magnetic moment of an actual paramagnetic ion, the magnetic data and calcu- 
lations refer to this formula multiplied by }£ or J£ or J£. When this is the case, the 
multiplying factor is indicated immediately after the formula thus: Dy 2 3 (Xj£). 
If n e /f does correspond to the moment of a single dipole, then under certain simplifying 
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assumptions it is related to g and J by 

fW/ - 9 y/JU + 1) 
where / is the quantum number appropriate to the orientable angular momentum 
of the molecule. _ 

All data in Table 5h-28 for which references are not given are taken from H. Staude. 
Paramagnetic properties of certain ferrites above their Curie temperatures have been 
discussed by Neel, 2 who gives references to experimental work in this field. Further 
references to other materials which do not obey the Curie-Weiss law are also to be 
found in Staude, and in Selwood. 8 

6h-14. Demagnetizing and Form Factors. When a rod is magnetized by an applied 
field Ha t its ends carry magnetic poles which themselves cause magnetic fields in all 
parts of the rod. Normally these fields are directed in the opposite direction to the 
applied field and are therefore called demagnetizing fields. The true field acting on a 
given section of the bar, e.g., its middle, is then the resultant of the applied field and 

the demagnetizing field AH: 

H=H a -AH 

The demagnetizing field is approximately proportional to the intensity of magnetiza- 
tion: 

AH .- NM 

In ellipsoids of revolution, in which the ratio of the long to the short axis is m, the 
demagnetizing factor N is as follows: 
Prolate ellipsoid: 

N . *!_ f . m log, (m + VSF^T) - il 

Oblate ellipsoid: 

r m 8 . Vm 2 ~ 1 1 1 

^^[(^^arcsin ^-^J 

when the ellipsoid is magnetized in the direction of the long dimension. The sum 
of the demagnetizing factors for the three axial directions is 4*. 

The demagnetizing factors of rods depend somewhat on their permeabilities. They 
have been determined empirically for materials of high permeability, and Table 
5h-29 gives values of N/4* for such rods, and for ellipsoids. The demagnetizing field 
is then 

A # - £ (B - H) 

47T 

in oersteds, when B and H are in gauss and oersteds, respectively. Formulas for 
ellipsoids of any axial ratio, magnetized in any direction, have been given by Osborn 
and by Stoner. 6 . ' ■ ■■ ' ■ . ■ . 

In an analogous way the form of a body affects also its magnetostriction, causing 
it to be longer the smaller the dimensional ratio. As calculated by Becker, • in a 
prolate ellipsoid magnetized parallel to a long axis the fractional increase in length 
caused by the form is 

^ = l M2N (i- k + £d 

iH. Staude, "Physikalisch-Chemisches Taschenbuch," vol. 2, p. 1624, Akademische 
Verlagsgesellschaft m.b.H., Leipzig, 1949. 

2 L. Neel, Ann. phys. 3 [12], 137 (1948). ^ ft 

? P W. Selwood, "Magnetochemistry," Interscience Publishers, Inc., New York, ly&b. 

4 J.' A. Osborn, Phys. Rev. 67, 351 (1945). 

5 E. C. Stoner, Phil. Mag. 36 [71, 803 (1945). 
'•••"• R. Becker, Z. Physik S7, 547 (1934). 
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Table 5h-28. Molecular Susceptibilities, Curie Constants, and Effective 

Bohr Magneton Numbers of Some Paramagnetic Materials 

(0 is constant in Curie- Weiss law) 



Substance 



Xmole X 10° 

(20°C) 



Range of 
validity of 

Curie- 
Weiss law, 
°K 



0, °K 



n e ff 
per 
for- 
mula 
unit 



B«OrFejOi*2MgO a . 
B 2 8 Fe 2 03-4CuO. 
B203Fe 2 8 -4CoO°. 
B 2 3 Fe 2 3 -4Ni(K . 

CeCl 3 : 

CeF 3 

ceoy.:. ........... 

Ce(N0 3 ) 3 -5H 2 0.... 

Co.... 

CoBr 2 

Co(CN) 2 ... 

CoCl 2 



CoCr 2 S 4 e 

CoF 2 ...... 

CoI 2 

Co(N0 3 ) 2 -6H 2 O d 

CoO 

CoS 2 

C0SO4 

CoS0 4 -7H 2 

CrCl 2 

CrCl 3 

CrF* . 

CrS c 

Cr .sS c 

Cr .675S c ..... 

Cr 2 (S0 4 ) 3 d 

Cr 2 (S0 4 ) 3 -18H 2 O d 

Cr(N0 3 )3-9H 2 O d 

CrK(S0 4 ) 2 42H 2 0...... 

CuCl 2 

CuS0 4 ..... 

CuS0 4 -5H 2 

Dy 

Dy 2 3 (X^) • .. 

Dy 2 (S0 4 )3-8H0 2 (X^). 
Er.. 

EnO.(XH)* :■ 

Er 2 (S0 4 ) 3 (X^) 

Er 2 (S0 4 ) 3 -8H 2 0(X3^).. 

Eu 

EuCl 2 



2,520 
2,240 
2,430 
2,335 



11,640 
~3,870 



13,060 

14,100 
8,660 

10,860 
9,050 
5,235 
3,520 

10,200 
9,780 
7,330 
6,860 
4,450 
1,610 



1,640 

10,500 

10,600 

5,320 

6,320 

1,340 

1,340 

1,570 

102,000 

43,200 

^45,000 

44,500 

38,600 

28,700 

36,500 

30,400 

26,600 



>80 
>80 
>80 



1500-1720 



>400 
<400 
>500 

>195 

>8 

>300 

>155 



>225 

210-690 

>65 

>560 

>400 

>300 

>11 

>19 

>20 

155-670 



>150 



>40 



>145 



8.66 

10.5 

19.8 

16.9 
0.787 
0.794 
0.81 
0.717 
1.24 
3.43 
1.21 
3.19 
3.56 
6.36 
2.90 
3.18 
2.58 
3.23 
0.49 
3.36 
2.94 
2.97 
1.82 
1.90 
2.6 
2.52 
1.90 
2.94 
2.88 
1.41 
1.84 
0.457 
0.50 
0.46 

14.6 

13.6 

13.74 

11.2 

11.6 
8.24 

11.18 
8.45 
7.80 



-600 

-635 

-445 

-832 

-23 

-62 

-50 

-17 

1400 

-6 

-9 

-48 

18.5 

-410 

-44 



8 

290 

155 

-34 

-9 

-116 

24 

-135 

; -800 

>-500 

11 

19 

20 



-52 

-79 

-0.7 

150 

-24 

-5 

40 

-8 

-2 

-6 

15 

-1 



8.33 
9.16 
12.6 
11.6 
2.51 
2.52 
2 55 
2,39 
3.15 
5.24 
3.11 
5 05 
5.33 
7.13 
4.81 
5.04 
4.58 
5.1 
1.97 
5.18 
4.85 
4.88 
3,82 
3.90 
4.6 
4.49 
3.90 
4.89 
4,85 
3.43 
3.84 
1.92 
2.00 
1.92 
10.8 
10.5 
10.5 
9.5 
9.65 
8,12 
9.46 
8.2 
7:9,0 



6-242 



ELECTRICITY AND MAGNETISM 



Table 5h-28. Molecular Susceptibilities, Curie Constants, and Bohr 
Magneton Numbers of Some Paramagnetic Materials (Continued) 



Substance 



Xmole X 10 6 

(20°C) 



Range of 
validity of 

Curie- 
Weiss law, 
°K 



0, °K 



Eu 2 Os(XH). 

EuS 

EuS0 4 

Fe 



5,550 
23,800 
25,800 



FeCl 2 

FeCl 2 -4H 2 0.. 

FeCl, 

FeCr 2 S 4 c 

FeF 2 

Fe .876S c 

Feo.902S c 

FeS0 4 

FeS0 4 -7H 2 

Fe(NH 4 ) 2 (S0 4 ) 2 -6H 2 0. . . 

fe 2 (S0 4 ),.. 

Fe(NH 4 ) 2 (S0 4 ) 2 -12H 2 0.. 

#e 4 [Fe(CN) 6 ] 3 . 

>•■ 14.5H 2 0'(XJ4) 

Gd. 

GdCl 3 

£d 2 3 (XH). 

<M 2 (S0 4 ) 3 (XM)....-.-. 
^d 2 (S0 4 ) 3 -8H 2 0(XH).. 



13,200 
12,060 
13,900 
12,100 
9,460 



10,800 
11,930 
13,100 
12,100 
14,900 



Ho 2 3 (XM) 

Ho 2 (S0 4 ) 8 (XH) 

&o 2 (S0 4 ) 3 -8H 2 0(X^).. 
&Fe[Fe(CN) 6 ]-1.9H 2 0'.. 

K 2 Mn0 4 

MnBr 2 

MnCO* 

MnCl 2 

$fnCo 2 4 c . 

MnCr 2 S 4 e .... 

$InF 2 . . . 

MnF s * 

Mnl 2 

MnO 

Mn 2 3 (X^) 

f&n0 2 

Mn(OH) 2 

Mn 2 P 2 7 (XH) 

MnS0 4 

m 



24,700 
24,500 
26,600 
27,500 
68,200 
44,800 
45,900 
44,300 

1,270 

14,000 

^11,500 

14,500 

8,600 
24,100 
10,730 



14,800 

5,040 

7,080 

^2,300 

-13,700 

14,400 

13,960 

5,650 



>1100 



>300 



>600 
>600 



>20 

>77 
>300 



>87 



>77 
70-180 



>300 

>300 

>90 

35-200 
>120 



195-770 



3.26 

6.81 

7.64 

1.23 

3.60 

3.37 

3.93 

6.63 

3.88 

3.6 

3.8 

3.60 

3.52 

3.78 

4.3 

4.2 

3.92 
7.48 
7.51 
7.61 
7.81 
8.11 

14.0 

13.7 

13.8 

13.6 
4.05 
0.383 
4.26 
3.93 
4.17 
5.73 
7.50 
~4.10 
3.01 
4.21 
4.90 
3.40 
1.80 
4.60 
4.58 
4.34 
1.65 



-294 

6 

-4 

1093 

20. 

12 

10 

-240 

-117 



-39 
-3 

2 
-61 



14.7 

302 

-11 

-18 

-0.4 

-2 

87 

-14 

-8 

-7 

22 

-7 

-2 

-40 

3 

-380 

-10 

-92 

8 

-4 

-680 

-188 

-480 

-56 

-23 

-18 
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Table 5h-28. Molecular Susceptibilities, Curie Constants, and Bohr 
Magneton Numbers of Some Paramagnetic Materials (Continued) 



Substance 



Xmole X 10 6 

(20°C) 



Range of 
validity of 

Curie- 
Weiss law, 
°K 



0, °K 



rieff per 
for- 
mula 
unit 



NdCl 3 * 

NdF 3 

Nd 2 3 (XH) ..-■ 

Nd 2 (S0 4 ) 8 (XH) 

Nd 2 (S0 4 ) 3 -8H 2 0(X^). 

Ni 

NiCl 2 



5,020 
4,700 
5,070 
5,390 



) 2 -6H 2 O d . 



Ni 

2 

Pr 6 

PrCU* 

Pr 2 3 (XH) 

Pr.(S0 4 )i(XH) 

Pr 2 (S0 4 )r8H 2 0(XM). 
Sc 



6,250 

3,450 
3,700 
3,380 
5,100 



Tb(~85%) 

Tb 2 (S0 4 ) 3 -8H 2 0(Xj^) 

Tm 

Tm,(SQ 4 )i(XH) 

UC1 4 * 

UBr 4 * 

UBr 8 » 

UC1,» 

UF 4 * 

UI 8 * 

KUF 6 ' 

K 2 UF 6 > 

CaUF 6 > 

Na 3 UF 7 >* 

uo 2 ......... .: 

U,0«(X«) 

U(S0 4 ) 2 

Yb,0,(XJi) 

Yb 2 (S0 4 ) 3 -8H 2 0(XH). 

ZnCo 2 4 c 

ZnCr 2 S 4 c 



4,450 

~4,900 

5,070 

315 ± 10 

115,000 

37,500 

~25,600 

20,800 



2,240 

525 

3,060 

6,700 

^8,600 

1,960 

11,800 



290-570 
>155 



>950 

>540 

<510 

>75 

>21 

>90 

>77 

285-700 

65-370 
>140 



>198 



>100 
>100 



1.861 

1.76 

1.53 

1.70 

1.82 

0.402 

l.dO 

1.37 

1.34 

1.01 
.99 ±0.02 

1.58 

1.69 

1.62 

1.64 

1.63 

0.395 
10.0 
11.86 

7.19 

6.33 



1.36 

1.30 
1.47 
1.31 
1.45 
1.06 
0.24 
1.32 
2.43 
2.92 
0.62 
3.34 



-57.4 

-56 

32 

-42 

-44 

538 

28 

71 

-97 

21 



-21 

-29.4 

-71 

-44 

-33 

-980 

205 

-16 

10 

-11.7 

-62 

-35 

25 

-29 

-147 

5 

-122 

-108 

-101 

-290 

-185 

-170 

-140 

-68 

-42 

-20 

+ 10 



87 
75 
50 
69 
81 
79 
47 



3.32 
3.27 
2.86 
2.80 
3.56 
3.69 
3.60 
3.62 
3.61 
1.8 
-9.0 
9.74 
7.6 
7.11 
3.29 
3.12 
3.29 
3.03 
3.30 
3.31 
3.30 
3.45 
3.25 
3.40 
2.92 
1.39 
3.25 
4.40 
4.83 
2.2 
5.17 



«R. Benoit, Compt. rend. 231, 1216 (1950). 

*C. Henry La Blanchetais, J. recherches (Paris) (29), 103 (1954). 

« Private communication from F. K. Lotgering. 

* A. F. Johnson and H. Grayson-Smith, Can. J. Research 28A, 229 (1950). 

* N. Elliott, J. Chem. Phys. 22, 1924 (1954). 

/ D. Davidson and L. A. Welo, J. Phys. Chem. 32, 1191 (1928). 
» W. Klemm and E. Krose, Z. anorg. Chem. 253, 226 (1947). 

* A. E. Sanchez, Rev. acad. dene, exact., fis. y nat. Madrid 34, 202 (1940). 

* J. K. Dawson, J. Chem. Soc. (London), p. 429 (1951). 
i N. Elliott, Phys. Rev. 76, 431 (1949). 
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Table 5h-29. Demagnetizing Factors, JV/4ar, for Rods and Ellipsoids 
Magnetized Parallel to Long Axis 



Dimensional ratio 


Rod 


Prolate 


Oblate 


(length /diam) 


ellipsoid 


ellipsoid 





1.0 


1.0 


1.0 


1 


0.27 


0.3333 


0.3333 


2 


0.14 


0.1735 


0.2364 


5 


0.040 


0.0558 


0.1248 


10 


0.0172 


0.0203 


0.0696 


20 


0.00617 


0.00675 


0.0369 


50 


0.00129 


0.00144 


0.01472 


100 


0.00056 


0.000430 


0.00776 


200 


0.000090 


0.000125 


0.00390 


500 


0.000014 


0.0000236 


0.001567 


1000 


0.0000036 


0.0000066 


0.000784 


2000 


0.0000009 


0.0000019 


0.000392 



Table 5h-30. Magnetostriction Form Factors 
(See equation for X b ) 



m = length /diam 


N 


a 


1 


4.19 


0.80 


2 


2.18 


1.07 


3 


1.37 


1.23 


4 


0.95 


1.31 


5 


0.70 


1.38 


10 


0.255 


1.53 


15 


0.135 


1.60 


20 


0.085 


1.63 


30 


0.043 


1.68 



where M is the intensity of magnetization, N the demagnetizing factor, k the com- 
pression modulus, and G the shear modulus (respectively, 1.6 and 0.8 X 10 12 dynes /cm 2 
for iron), and a is —(l/N)(dN/dAii) f An being the principal component of the strain 
tensor. Values of a have been calculated by Becker and are given in Table 5h-30. 

In a cubic crystal 1 magnetized parallel to a cube axis the increase in length caused 
by the form is 

FM 2 
' 3( Cll -ci 2 ) 

where en and C\i are the elastic constants, 

F = 5? \ (1 " € * )(3 + 2e2) ~ 7 (1 ~ * 2)i arcsin € ] 
and the three axes of the ellipsoid are related by 

a - 6 " (1- - e 2 )i 
1 W, J„ Carr and R. Smoluchowski, Phys. Rev. 83, 1240 (1951V 
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5i-l. National Electrical Code. The purpose of the National Electrical Code is 
the safeguarding of persons and of buildings and their contents from electrical hazards 
arising from the use of electricity. It deals with the installation of electrical wiring 
and apparatus installed in and around public and private buildings and other premises. 
The provisions of the code constitute a minimum standard and while adherence to the 
code will result in a safe installation, it will not necessarily yield a well-designed or 
efficient system. Many governmental bodies exercising legal jurisdiction over elec- 
trical installations have adopted the code as their standard. In some localities local 
ordinances conflict with the code, so that adherence to the code does not always con- 
stitute a legal installation. 

The National Electrical Code is revised periodically by the National Fire Protection 
Association, 1 an organization whose purpose is fire prevention. The revised code is 
submitted to the American Standards Association (see Sec. 5i-2) for approval. The 
code is also adopted by and published by the National Board of Fire Underwriters* 

National Board of Fire Underwriters. 1 Membership in this organization is limited 
to fire-insurance companies. It compiles fire-insurance and fire-loss data and estab- 
lishes standards for fire-protection apparatus and apparatus that may cause fire 
damage if improperly designed. 

Underwriters' Laboratories, Inc. 9 This organization sets standards that are con- 
sistent with the National Electrical Code for a large number of electrical products. 
Manufacturers may submit their products to Underwriters' Laboratories for test. 
Those products which comply with the standard are listed in the List of Inspected 
Electrical Equipment, a publication of Underwriters' Laboratories. Manufacturers 
may elect to participate in the label service furnished by the laboratories. In this 
case, a product that complies with the standards is checked through factory inspec- 
tions and laboratory tests. The manufacturer may attach an Underwriters' Labora- 
tories label to the approved product. 

6i-2. Electrical-apparatus Standards. NEMA Standards. NEMA, the National 
Electrical Manufacturers Association, has established voluntary standards that are 
generally used in the electrical industry. They are designed to promote production 
economies and assist the users in the proper selection of motors and generators. They 
set standards of nomenclature, construction, dimensions, operating characteristics, 
rating, and testing. 4 

* National Fire Protection Association, 60 Batterymarch St., Boston, Mass 
National Board of Fire Underwriters, 85 John St., New York; 222 West Adams St 
Chicago; Merchants Exchange Building, San Francisco. 

v 3 F n ^r^ iterS ' Laboratori es, Inc., 207 East Ohio St., Chicago; 161 Sixth Ave., New 
York; 500 Sansome St., San Francisco. 

4 NEMA standards may be obtained by writing to the National Electrical Manufacturers 
Association, 155 East 44th St.. New York. 
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AIEE Standards. AIEE standards are established by the American Institute of 
Electrical Engineers and deal with standards of temperature rise, classification of 
insulating materials, rating methods, and test codes. 1 

ASA Standards. ASA . standards are established by the American Standards 
Association which represents manufacturers, consumers, and others. An American 
standard implies a consensus of those substantially concerned with its scope, ^though 
the existence of such a standard does not preclude the manufacture of machines that 
do not conform to ASA standards, most manufacturers adhere to them. ASA defines 
standards of nomenclature, composition, construction, tolerance, operating character- 
istics, rating, and testing. 2 

5i-3. A-C and D-C Motors and Generators. Principles of Motor Operation. In an 
electric motor, electrical energy is converted into mechanical energy. This electro- 
mechanical energy conversion is possible because a mechanical force is exerted on a 
current-carrying conductor lying in a magnetic field. 

D-C Motors. A steady-magnetic field is obtained by applying a d-c voltage to the 
coil of wire wound about the stator-pole structure. The rotor-winding conductors 
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a PERCENT FULL LOAD HORSEPOWER 

Fig. 6i-l. Per cent full-load horsepower typical characteristic curves for d-c motors. 

are connected to copper segments that make up the commutator. Carbon or copper 
brushes make sliding contact with the commutator and supply the connection between 
the external electrical source and the rotor winding. The current-carrying rotor 
conductors lie in the magnetic field set up by the currents in the stator winding and a 
force is exerted that tends to turn the rotor. 

shunt- wound, constant spebd: The stator winding and the rotor winding are 
placed in parallel. The stator winding consists of a large number of turns of small- 
sized wire The current required by the stator winding is small in comparison with the 
rated current of the rotor winding. This motor is designed to operate at an almost 

constant speed (Fig. 5i-l). ' ..,■,., i_ * j „„~ 

shunt-wound, adjustable speed: This motor is similar to the shunt-wound, con- 
stant-speed motor, except that the current in the stator winding may be varied over a 
relatively wide range to obtain speed control. In fractional-horsepower motors speed 
control is obtained by varying the armature circuit resistance. ■ _ 

series-wound, varying speed: The stator winding and the rotor winding are 
placed in series. The stator winding consists of a small number of turns of large- 
sized wire. Since the current in the stator winding increases with an increased motor 
load, the air-gap flux and motor speed vary with load (Fig. 6i-l). 

i AIEE standards may be obtained from the American Institute of Electrical Engineers, 
^Fo^SA standlXaddress revests to the American Standards Association, Inc., 
70 East 45th St., New York. 
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compound-wound, constant speed: The compound-wound motor has two stator 
windings, one in parallel with the rotor winding and the second in series with the rotor 
winding. Usually the ampere-turns of the shunt winding greatly exceed those of the 
series winding, and hence the characteristics (Fig. 5i-l) of this motor are similar to 
those of the shunt-wound motor. 

Polyphase A-C Induction Motor. A polyphase a-c voltage is applied to the stator 
windings. The current in the stator windings sets up a magnetic field in the air gap 
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PERCENT SYNCHRONOUS SPEED 
Fig. 5i-3. Typical characteristic curves for 
the wound-rotor induction motor. 



PERCENT SYNCHRONOUS SPEED 
Fig. 5i-2. Typical characteristic curves for 
squirrel-cage induction motors. 

between the stator and rotor. The magnetic field in the air gap rotates around 
the air-gap periphery at a speed n, given by the equation 

120? 



where n, = synchronous speed 

v — frequency, cps, of the applied voltage 
p — number of poles for which stator is wound 
The rotor rotates at a lower speed than the revolving magnetic field in the air gap. The 
rotor conductors are linked, therefore, by a varying magnetic field and a voltage is 
induced in the rotor conductors. The rotor circuit is either short-circuited or closed 
through resistors. Since the rotor conductors carry a current and lie in the field of 
flux set up by the stator-winding currents, a force is exerted that tends to turn the 
rotor. 

squirrel-cage rotor: Uninsulated copper bars set in slots cut in the magnetic iron 
rotor laminations form the rotor winding. These bars are short-circuited by copper 
end rings. In some designs the rotor bars are cast and are not copper. NEMA has 
established many standards for induction-motor design. Figure 5i-2 shows torque- 
speed curves for the most used squirrel-cage motors, NEMA designs B, C, and D. 
The squirrel-cage induction motor operates at an almost constant speed. It generally 
has the lowest first cost and lowest maintenance costs of all motors. 

wound rotor: The rotor winding is a distributed polyphase winding similar to the 
stator winding. The ends of the winding are connected to slip rings. Brushes make 
sliding contact with the slip rings and form the connection between the rotor winding 
and the external rotor resistance. Torque-speed curves for a typical wound-rotor 
induction motor are shown in Fig. 5i-3. As the resistance in the rotor circuit is 
increased, the full-load speed decreases, as does the speed at which maximum torque 
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occurs. The speed control obtained by inserting rotor resistance is at the expense of 
reduced motor efficiency. Inserting additional resistance in the rotor circuit to start 
the motor reduces the starting current and makes it possible to obtain maximum 
torque at motor standstill (see curve JR 4 of Fig. 5i-3). 

Synchronous Motor. The synchronous motor has a polyphase a-c excited stator 
winding and a d-c excited rotor winding. A revolving magnetic field is set up in the 
air gap by the currents in the stator windings. A steady magnetic field is set up by 
the d-c current in the rotor winding. If the rotor is rotating at the same speed as the 
rotating field due to the stator currents, a force will act to keep the two magnetic 
fields lined up. If the rotor field and the stator field are not rotating at the same 
speed, the mechanical force will act first in one direction and then in the opposite 
direction, so that the net force will be zero. There is a net force exerted at one speed 
only, and so the synchronous motor must have an auxiliary means for starting. 
Usually a squirrel-cage winding is placed on the rotor and the motor started as a 
polyphase induction motor. Most synchronous motors have noncylindrical rotors 
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Fig. 5i-4. Typical torque-speed curve for a 
synchronous motor. 















sun 


StL* 














~CFE 

c 


R4 
9 E 


TNG 




B* 


)TI 


1 \ 


VII 


IDI 


NG 


s 


l 








fi 


)R 


5' 


M 


:th 


5 




I 






















i 


















y 


'■ 




N 


L 










s 


y 








. 


\ 








•' 


M 


UN 


V INDIMG 


\ 




til 


,y 






C 


tfl 


A 











o 20 40 60 80 100 

iJ PERCENT SYNCHRONOUS SPEED 

Fig. 5i-5. Typical torque curve for a split- 
phase motor. 



and are called salient-pole machines. A typical torque-speed curve for a synchronous 
motor is shown in Fig. 5i-4. At speeds below synchronous speed, the torque devel- 
oped is due to induction-motor action. At approximately 95 per cent of synchronous 
speed the motor will "pull in" to synchronism. After the motor is synchronized, it 
will continue to run at synchronous speed if the load torque does not exceed the 
"pull-out torque.' ' Polyphase synchronous motors are not usually used in sizes below 
20 hp. Their first cost is high, and for most constant-speed applications, the almost 
constant speed of the induction motor is satisfactory. For rating above 50 hp, there 
may be an economic advantage in using synchronous machines since their efficiency 
is higher than similarly rated induction motors, and they can be used for power-factor 
correction. 

Single-phase A-C Induction Motor. If a single-phase voltage is applied to one phase 
winding on the stator of a polyphase motor, the motor will not start since there is no 
revolving field. If the motor is already running, however, single-phase excitation is 
sufficient to keep it running. For the single-phase motor, therefore, it is necessary to 
have some auxiliary means for starting the motor. 

split-phase: An auxiliary stator winding is placed in electrical space quadrature 
with the main winding. This auxiliary winding has a different resistance to reactance 
ratio from the main winding, so that the currents in the two windings are not in phase. 
Since the windings are not in space phase and the currents in the windings are not in 
time phase, a component of the air-gap magnetic field will rotate even when the rotor 
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is stationary, and starting torque is provided. To prevent overheating, the auxiliary 
winding is disconnected by a centrifugal switch or other means, after the motor is 
started. Figure 5i-5 shows a typical torque-speed curve for a split-phase motor. 

capacitor-start: As in the split-phase motor, an auxiliary winding is placed in 
quadrature with the main stator winding. A capacitor is placed in the external 
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Fig. 5i-6. Typical torque-speed curve for a 
capacitor-start motor. 
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Fig. 5i-7. Typical torque-speed curve for a 
permanent-split-capacitor motor. 
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circuit of the auxiliary winding. The current in the auxiliary winding leads the 
applied voltage. The phase difference between the currents in the main and auxiliary 
windings can be made approximately 90 deg. The component of the magnetic field 
that rotates is larger than in the split-phase motor and hence the starting torque is 
larger. The auxiliary winding is disconnected after the motor has come up to speed. 

pebmanent-split-capacitob: The aux- 
iliary winding circuit is similar to the 
auxiliary winding circuit in the capacitor- 
start motor. The auxiliary winding is 
not, however, disconnected after the 
motor has come up to speed. A compar- 
ison of Figs. 5i-6 and 5i-7 shows that the 
permanent-split-capacitor motor has a 
lower starting torque and lower maxi- 
mum torque than the capacitor-start 
motor. 

shaded-pole: A permanently short- 
circuited auxiliary winding is placed at 
an electrical angle of 30 to 60 deg from 
the main winding. This auxiliary wind- 
ing is called a "shading coil" and is 
usually an uninsulated copper strap. 
The voltage induced in the "shading coil^ produces a current that is not in phase 
with the current in the main winding, so that a revolving field, and hence a starting 
torque (Fig. 5i-8), is produced. 

repulsion-start: This motor operates on the repulsion-motor principle while 
accelerating. After it has approached normal speed, a centrifugal switch short- 
circuits the rotor commutator segments. This rotor circuit is then similar to a 
squirrel-cage rotor and the motor operates as an induction motor. The repulsion- 
start motor is used in applications where a high starting torque is needed. In recent 
years, the less expensive capacitor-start motor has largely replaced the repulsioa-start 
motor. 
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Fig. 5i-8. Typical torque-speed curve for a 
shaded-pole motor. 
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Synchronous Reluctance Motor. If the d-c rotor winding of a salient-pole syn- 
chronous machine is disconnected from the d-c supply lines, the motor will continue 
to run if the load connected to the shaft of the machine is small. A mechanical force 
tends. to bring the salient pole structure into line with the magnetic field. The mag- 
netic field in the air gap is revolving and the pole structure follows. This is the 
principle of operation of the reluctance motor. The reluctance motor therefore 
requires no d-c excitation. Usually the reluctance motor is a single-phase a-c machine 
with the revolving field set up by one of the methods used in the single-phase induction 
motor described above. The auxiliary winding in the single-phase reluctance motor 
cannot be disconnected after the motor has come up to speed. The motor operates 
as an induction motor until it has reached synchronous speed (Fig. 5i-9) and then 
operates on the reluctance principle. 

Series Universal. The universal motor is a series-wound commutator machine and 
so is similar to the d-c series- wound machine. It is designed to operate satisfactorily 
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Fig. 5i-9. Typical torque-speed curve for a 
synchronous reluctance motor. 
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Fig. 5i-10. Typical torque-speed curve for a 
series universal motor. 



with either a-c or d-c excitation. A variable resistance is frequently placed in series 
with the windings to secure speed control (Fig. 5i-10). Universal motors are employed 
in fractional-horsepower ratings where high speeds and /or variable speeds are needed. 
Applications include electric hand drills, vacuum cleaners, and food mixers. 

Repulsion Motor. This motor has the commutator and distributed rotor winding 
of a d-c motor. The machine is a-c excited, however, and no direct electrical connec- 
tion is made between the electrical source and the rotor circuit. An a-c voltage is 
applied to the stator winding, setting up an alternating field in the air gap. This field 
links the rotor winding and induces a voltage which causes a current in the rotor 
circuit. The brushes which make sliding contact with the commutator are short- 
circuited together. The operating characteristics of this motor are similar to those 
of the universal motor. 

6i-4. Motor Selection. The following factors should be considered in selecting a 
motor : 

1. Power supply available. The motor must be selected to match the power supply 
if the expense of purchasing a motor-generator set or other conversion equipment is to 
be avoided. Determine these characteristics of the power supply: (a) a-c or d-c, (6) 
voltage, (c) number of phases if it is an a-c supply, and (d) frequency if it is an a-c 
supply. Tables 5i-l and 5i-2 indicate what power supply is required for motors. 

2. Horsepower required. One of the following methods may be used to determine 
the horsepower required. 



ELECTRICAL POWER PRACTICES 



5-251 



a. If the required torque is known, the horsepower required may be found bjl 
applying the equation 

torque (ft-lb) X speed of shaft (rptn) 

5,250 J 



hp = 



b. Connect a larger motor than the one needed to the machine to be driven. Use a 
wattmeter to determine the power input to the driving motor. The required horse- 
power is then 



h P = 



(wattmeter reading) X (approx efficiency of driving motor) 
746 



c. Ask the manufacturer of the machine to be driven what horsepower is required. 
If the driven load imposes intermittent overloads on the driving motor, the motor 
must be able to handle these overloads. 
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Fig. 5i-ll. Approximate relative cost of 
several types of motors. 
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Fig. 5i-12. Approximate relative cost of 
design B induction motors at several speeds. 



3. Torque requirements. The torque required to start and accelerate the load may 
exceed the torque needed to drive the load. This high starting torque is required for 
compressors, reciprocating pumps, and conveyors. In other applications* such as 
fans, centrifugal pumps, and many machine tools, the torque required at full load 
exceeds the starting torque. If the load torque fluctuates, the maximum torque the 
motor can develop must exceed the maximum load torque. Refer to Tables 5i-l and 
5i-2. i 

4. Speed requirements. Determine whether a constant-speed or adjustable-speed 
motor is needed. If an adjustable speed is required, what speed range is needed? 
If a constant speed, what is its value? Is it necessary to reverse the motor? 

For a given horsepower, the size of the motor decreases as the speed is increased. 
The cost of the motor (Figs. 5i-ll and 5i-12) is largely dependent upon the size, andb, 
hence a saving usually results from using a high-speed motor. Above 3,600 rpm^ 
however, the costs may increase with speed. A belt connection between the motois 
and load may permit the use of a high-speed motor to drive a load at low speed. A 
cost and space saving may be effected by using a motor with a built-in gearbox. 

5. Selection of motor enclosure. The following motor enclosures are available: 
(a) open; (b) dripproof ; (c) splashproof ; (d) totally enclosed nonventilated ; (e) totally 
enclosed, fan-cooled; (/) explosionproof ; and (g) waterproof. The open motor has 
the lowest cost and is used where unusual surroundings do not require a more 
expensive enclosure. 

6. Starting current. The large starting currents of some motors cause light flicker. 
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For this > reason, many power companies set limits on the allowable starting current. 
See Table 5i-2 for the approximate starting current of integral-horsepower motors. 

7. Capacity of power line. Refer to Table 5i-3 for the normal full-load motor 
current. Table 5i-4 gives the current-carrying capacity of conductors. 

Standard Ratings, horsepower: The following horsepower ratings are standard: 
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Not all the ratings listed are standard for all classes of motors. 

Tables 5i-l and &-2 indicate the horsepower ratings available for the several classes 
of motors. 

frequency ani> voltage: Standard frequencies in the United States are 25, 50, and 
60 cps; 400 cps is also^a much used frequency. Standard voltages are: 



1. For direct-current and single-phase alternating current, 115 and 230 volts. 

2. For polyphase alternating current, 110, 208 (for 60 cps only), 220, 440, 550, 2,300, 
4,000, 4,600, and 6,600 volts. 

speed: Standard speeds are: 

1. For constant-speed d-c motors. 
Fractional-horsepower: 850, 1,140, 1,725, and 3,450 rpm 
Integral-horsepower: 100, 150, 200, 250, 300, 350, 400, 450, 500, 550, 575, 690, 850, 

1,150, 1,750, and 3,500 rpm 

2. For fractional-horsepower induction motors. 

All motors except shaded-pole and permanent-split capacitor: 

At 60 cps, 850, 1,140, 1,725, and 3,450 rpm 

At 50 cps, 950, 1,425, and 2,850 rpm 

At 25 cps, 1,425 rpm 
Shaded-pole motor: 

At 60 cps, 800, 1,050, 1,550, and 3,000 rpm 

At 50 cps, 875, 1,300, and 2,500 rpm 

At 25 cps, 1,300 rpm 
Permanent-split capacitor motor: 

At 60 cps, 825, 1,075, 1,625, and 3,250 rpm 

At 50 cps, 900, 1,350, and 2,700 rpm 

At 25 cps, 1,350 rpm 

3. For integral-horsepower induction motors. (The speeds given below are rated 
synchronous speeds. The motors operate at a speed slightly below synchronous 
speed.) 

Single-phase motors: 

At 60 cps, 900, 1,200, 1,800, and 3,600 rpm 

At 50 cps, 750, 1,000, 1,500, and 3,000 rpm 

At 25 cps, 750 and 1,500 rpm 
Polyphase motors: 

At 60 cps* 450, 514, 600, 720, 900, 1,200, 1,800, and 3,600 rpm 

At 50 cps, 750, 1,000, 1,500, and 3,000 rpm 

At 25 cps, 500 and 750 rpm 
The speeds listed do not apply to all horsepower ratings. 
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Table 5i-2. Integral-horsepower 



Type of motor 



Hp 

range 



A-C: 

Polyphase induction motors: 
NEMA design A......... 

[ NEMA design B 

{■ 

! NEMA design C 

1 
i 
j NEMA design D 

J 
I 
\ Wound-rotor 

i 

I 

f Polyphase synchronous 

I 

i 
i 

iShunt-wound 

f 

[ 

'Compound wound 

rSeries-wound 



J-200 



$-200 



J-125 



i-200 



20-20,000 



£-200 



J-200 



i-200 



Rated 



450, 514, 600, 

720, 900, 

1,200, 1,800, 

3,600 
450, 514, 600, 

720, 900, 

1,200, 1,800, 

3,600 
600, 720, 900, 

1,200, 1,800, 

3,600 
720, 900, 

1,200, 1,800, 

3,600 
450, 514, 600, 

720, 900, 

1,200, 1,800, 

3,600 

100-3,600 



100-3,600 



100-3,600 



Speed 
character- 
istic 



Almost 
constant 



Almost 
constant 



Almost 
constant 



Almost 
constant 



Adjustable 



Absolutely 
constant 



Adjustable 



Adjustable 



Adjustable, 
varies with 
load 



Full load 

speed, % of 

synchronous 

speed 



95-97 



95-97 



95-97 



87-95 



Adjustable 



Speed 
control 



None 



None 



None 



None 



Rotor-circuit 



None 



Shunt-field 
resistance 
or armature 
voltage 

Shunt-field 
resistance 
or armature 
voltage 

Armature 
voltage 



Rated 
voltage 



208, 220, 
440, 550, 
2,300 

208, 220, 
440, 550, 
2,300 

208, 220, 
440, 550, 
2,300 

208, 220, 
440, 550 

208, 220, 
440, 550, 
2,300 



208, 220, 
440, 550, 
2,300 

115, 230, 
550 



115, 230, 
550 



115, 230, 
550 



1 6i-5. Motor Control and Protection. Starting D-C Motors. Small d-c motors 
rnay be started by directly connecting them to the supply line. For motors rated 
2!hp or above, resistance should be inserted in series with the armature winding to 
limit the current. As the motor accelerates, the armature-circuit starting resistance 
is! shorted out in a series of steps. In order to prevent overspeeding of the motor, 
full line voltage should be applied to the shunt-field winding of shunt-wound and 
cpmpound-wound motors during starting. 

\ Starting A-C Motors. Fractional-horsepower motors, both single-phase and 
pplyphase, are usually started by applying full line voltage to their terminals. 

[Polyphase Induction Motors, squirrel-cage: Many polyphase induction motors 
aie started with full line voltage. For many other applications, however, the large 
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Torque, % of full load 



Starting 



Max 



Starting 

current, 

% of full 

load current 



Revers- 
ible 



Radio 
inter- 
ference 



Approx 

price 
compari- 
son, % 



Application 



105-275 



200-225 



250-315 



100-300 



20-200 



High, should 
be limited 
to 200 by 
starting 
resistance 

High, should 
be limited 
to 300 by 
starting 
resistance 

Very high, 
should be 
limited 
to 350 by 
starting 
resistance 



200-300 



200-300 



500-550 



500-550 



300-800 



starting 
torque 

200-300 150-1,000 Yes 
depending 
on rotor- 
circuit 
resistance 
140-200 300-1,000 Yes 



Yes 



Yes 



Yes 



Yes 



Should be 
limited 
to 200 



Should be 
limited 
to 300 



Should be 
limited 
to 350 



Should be 
limited 
to 200 by 
starting 
resistance 

Should be 
limited 
to 200 by 
starting 



Should be 
limited 
to 200 by 
starting 
resistance 



Yes 



Yes 



No 



No 



No 



No 



Slight 



Slight 



Yes 



Yes 



Yes Yes 



105 



110 



225 



350 



275 



275 



275 



Produces average starting torque and high max torque. 
The starting current is very high, however, so that 
this machine is becoming obsolete, being superseded 
by design B motors 

Develops average starting torque and high max torque at 
relatively low starting current. Applications include 
fans, pumps, compressors, conveyors, machine tools. 
This is the most-used integral-horsepower motor 

Develops high starting torque at low starting current. 
Used for hard-to-start loads such as conveyors, com- 
pressors, escalators, reciprocating pumps, and crushers 

Has a high starting torque. Max torque occurs at 
rotor standstill. Used for high-inertia loads such as 
hoists, elevators, punch presses, and centrifuges. 

Develops a high starting torque at low starting current 
when the external rotor resistance is properly ad- 
justed. Speed can be adjusted by means of rotor- 
circuit resistance. Used for blowers, fans, pumps, 
conveyors, and crushers 

Used on constant-speed applications and for power- 
factor correction. Polyphase synchronous motors 
are seldom used in sizes below 50 hp 

Used for drives where the required starting torque is 
not high. A constant-speed or an adjustable-speed 
motor may be used. Applications include wood- and 
metalworking machines, elevators, blowers, centrifu- 
gal pumps, and conveyors 

Used for machines requiring a high starting torque and 
fairly constant speed. Pulsating loads such as 
shears, bending rolls, plunger pumps, conveyors, and 
crushers frequently have compound-wound d-c motors 
as drives 

Used as drives where very high starting torque is 
required and the load i3 always coupled to the motor. 
Applications include cranes, hoists, gates, bridges, 
railways, and streetcars 



starting current required for a full-voltage start is prohibitive, and a starting compen- 
sator must be employed. This compensator may be (1) resistance inserted in series 
with each stator phase or (2) an autotransformer connected between the supply lines 
and the motor. The resistance usually has a lower first cost but it reduces the starting 
torque and line current in the same ratio while with the autotransformer the per cent 
decrease in line current at motor standstill is greater than the per cent decrease in 
starting torque. The autotransformer losses are smaller than the losses in the start- 
ing resistance. 

wound-rotor: Starting compensators are sometimes used in the stator circuits of 
wound-rotor induction motors. In addition, the resistance in the rotor circuit is 
usually increased during starting. This increase in rotor-circuit resistance decreases 
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Table 5i-3. Average Full-load Currents of Motors 

(From 1953 National Electrical Code; values of full-load current are approximate 

and typical only for motors running at usual speeds; low-speed motors may 

have larger full-load currents) 





Full-load current, amp 


Motor 


D-C 


Single-phases 


Three-phase induction motors, 


rating, 
hp 


motors 


motors 


squirrel-cage and wound rotor 




















115 


230 


115 


230 


110 


220 


440 


550 




volts 


volts 


volts 


volts 


volts 


volts 


volts 


volts 


1 
■g" 






3.2 


1.6 










i 






4.6 


2.3 










■i 


4.6 


2.3 


7.4 


3.7 


4 


2 


1 


0.8 


3 


6.6 


3.3 


10.2 


5.1 


5.6 


2.8 


1.4 


1.1 


1 


8.6 


4.3 


13 


6.5 


7 


3.5 


1.8 


1.4 


It 


12.6 


6.3 


18.4 


9.2 


10 


5 


2.5 


2.0 


2 


16.4 


8.2 


24 


12 


13 


6.5 


3.3 


2.6 


3 


24 


12 


34 


17 




9 


4.5 


4 


5 


40 


20 


56 


28 




15 


7.5 


6 


7f 


58 


29 


80 


40 




22 


11 


9 


10 


76 


38 


100 


50 




27 


14 


11 


15 


112 


56 








40 


20 


16 


20 


148 


74 








52 


26 


21 


25 


184 


92 


64 | 32 


26 



the starting current, and if not too much resistance is added, it also increases the 
starting torque (see Fig. 5i-3). 

Polyphase Synchronous Motors. Since synchronous motors require both a-c and 
d-c supplies, the starting procedure is more complex than for the induction motor. 
Automatic controls that permit "push-button" starting are usually employed. 

Motor Controllers. A motor controller is any device used to start and stop a motor. 
It may also incorporate overload protection, short-circuit protection, and a device to 
regulate the motor speed. 

Manual Starters. The manual starter for small motors may be nothing more than 
a snap-action switch. Starters for large induction motors may contain a resistance or 
autotransformer compensator. Those designed for large d-c motors will have a 
resistance that is inserted into the armature circuit. 

Magnetic Starters. Magnetic starters perform the same function as manual starters 
but have the advantage of operating automatically after the operator pushes the 
"start" or "stop" button which can be remotely located. 

Combination Starters. Manual and magnetic starters usually include overload pro- 
tection. A combination starter has short-circuit protection in addition to overload 
protection. It may be either a magnetic or manual starter. 

Motor and Motor-circuit Overload Protection. The National Electrical Code sets 
minimum standards for the protection of motors and motor circuits against overloads. 
This protection is achieved by the use of thermal cutouts, circuit breakers, or fuses. 

The thermal cutout may consist of a heating coil surrounding a bimetallic strip 
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Table 5i-4. Allowable Current-carrying Capacities of 

Insulated Conductors* 

(In amperes; based on room temperature of 30°C, 86°F) 
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Wire 
size, 
Awg 


Type R, 

RW, RUW, 

T, TW 


Type RH 


Type TA, 
V, AVB 


Type 
AVA, 
AVL 


Type AI, 
AIA 


Type A, 
AA 




























a 


b 


a 


b 


a 


b 


a 


b 


a 


b 


a 


b 


14 


15 


20 


15 


20 


25 


30 


30 


40 


30 


40 


30 


45 


12 


20 


25 


20 


25 


30 


40 


35 


50 


40 


50 


40 


55 


10 


30 


40 


30 


40 


40 


55 


45 


65 


50 


70 


55 


75 


8 


40 


55 


45 


65 


50 


70 


60 


85 


65 


90 


70 


100 


6 


55 


80 


65 


95 


70 


100 


80 


120 


85 


125 


95 


100 


4 


70 


105 


85 


125 


90 


135 


105 


160 


115 


170 


120 


130 


3 


80 


120 


100 


145 


105 


155 


120 


180 


130 


195 


145 


150 


2. 


95 


140 


115 


170 


120 


180 


135 


210 


145 


225 


165 


175 


1 


110 


165 


130 


195 


140 


210 


160 


245 


170 


265 


190 


205 





125 


195 


150 


230 


155 


245 


190 


285 


200 


305 


225 


325 


00 


145 


225 


175 


265 


185 


285 


215 


330 


230 


355 


250 


370 


000 


165 


260 


200 


310 


210 


330 


245 


385 


265 


410 


285 


430 


0000 


195 


300 


230 


360 


235 


385 


275 


445 


310 


475 


340 


510 



Special Provisions Type Insulation 

General use. R, RW, RUW, T, TW, RH 

Wet locations. ..'... : RW, RUW, TW, AVL 

Dry locations only (not general use) V, AVA, AVB, A, AA, AI, AIA 

Switchboard wiring only T A 

For aluminum conductors, the allowable current-carrying capacities shall be taken as 84 per cent 
of those given in the table for the respective sizes of copper conductors with the same kind of insulation. 
Columns a. Not more than three conductors in raceway or cable. 
Columns b. Single conductor in free air. 
* See Table 5g-4 for additional data and explanation of insulation-type letters. 

which bends on heating. The heater coil carries the line current. If the current is 
too large, the heat from the heater coil causes the bimetallic to bend and open the 
circuit. Another type of thermal cutout utilizes a fusible link. 

Circuit breakers of the thermal-trip or magnetic-trip type may be used both for 
protection and as a switch. 

Renewable or nonrenewable cartridge fuses, plug- or S-type fuses are much used for 
motor and motor-circuit protection. The plug fuse has an Edison base. The S-type 
fuse can be used in an ordinary plug-fuse socket with an adapter added. The holders 
for cartridge-type and S-type fuses prevent the insertion of fuses of the wrong rating. 

For a motor with a continuous rating of more than 1 hp, an over current device set 
to not more than 125 per cent of the motor full-load current should be used for protec- 
tion. The conductors supplying this motor should have a current-carrying capacity of 
not less than 125 per cent of full-load motor current. Tables 5i-3 and 5i-4 give the 
full-load current of motors and the current-carrying capacity of conductors. Refer 
to the National Electrical Code for the rating of protective devices to be used with 
fractional-horsepower motors and motors with short-time ratings. 
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6i-6. Principles of Generator Operation. Electrical energy is supplied to a motor 
and mechanical energy withdrawn. In a generator mechanical energy is supplied and 
electrical energy withdrawn. This is the essential difference between motor and 
generator operation. 

D-C Generator. The d-c generator is practically identical in construction to the d-c 
motor. The large majority of d-c generators are compound-wound (see Fig. 5i-13). 
Cumulative compounding, with the series field and shunt fields aiding, is usual. 
Shunt-wound generators are suitable for applications where the loading is constant 
and series-wound generators are used for booster sets and welding. There is less 
voltage drop with increased load with a separately excited, shunt-wound generator 
than with a self-excited, shunt-wound generator. The cumulative compound gener- 
ator can be designed to have an almost constant terminal voltage for the normal range 
of load currents. The terminal voltage in all but the series generator can be controlled 
by varying the resistance in the shunt-field circuit. 



TO d-c SUPPLY 

?SHUNT FIELD ? 
I P"»ELD RHEOSTAT 



SHUNT 
FIELD 



FIELD 
RHEOSTAT 



SHUNT -WOUND, 
SEPARATELY EXCITED 



COMPOUND -WOUND 





SHUNT -WQUND, 
SELF EXCITED 



O O 

OUTPUT TERMINALS 



SERIES 
FIELD 




SERIES -WOUND 



OUTPUT TERMINALS V OUTPUT TERMINALS 

Fig. 5i-13. D-C generator connections. 

A-C Generator. The polyphase a-c generator and the synchronous motor are essen- 
tially the same in construction. A cylindrical or salient-pole rotor carries a winding 
that is d-c excited. This pole structure sets up an air-gap field that induces an a-c 
voltage in the stator windings as the poles rotate. In the single-phase a-c generator, 
the stator has a single-phase winding instead of the three space-displaced windings of 
the three-phase generator. The frequency of the voltage induced in the stator 
windings for both single-phase and polyphase machines is 

— P n 
9 "" 120 

where v = frequency, cps 

n = rotor speed, rpm 

p =b number of poles 
6i-7. Transformers. Principles of Operation. A transformer is an electrical 
device, without continuously moving parts, which by electromagnetic induction 
transforms a-c electric energy from one circuit to another circuit at the same frequency, 
usually with changed values of voltage and current. Transformers usually have two 
or more insulated windings wrapped about a laminated-iron core. In some cases, 
however, the iron core is not present, and the coils are linked magnetically through an 
air path. 
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The winding connected to the energy source is called the primary winding and the 
winding from which the energy is withdrawn is called the secondary winding. High- 
voltage winding and low-voltage winding are terms used to designate the windings 
according to their voltage ratings. 

Consider the operation of a two-winding transformer when an a-c voltage is applied 
to the primary winding and the secondary winding is open. Current in the primary 
winding causes a time-varying flux to be set up in the iron core of the transformer. 
This time-varying flux will induce a voltage in both the primary and secondary 
windings of the transformer. The magnitude of the voltage induced in the primary 
winding is approximately equal to the applied voltage, since the voltage drop due 
to the winding resistance is small. The induced primary voltage opposes the applied 
voltage and hence limits the current. The voltage induced in the secondary wind- 
ing is the same per turn as that induced in the primary, so that the ratio of primary 
voltage to secondary voltage is the same as the ratio of the number of turns in the 
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Fig. 5i-14. D-C generator characteristics. 

transformer windings. When a load is connected to the secondary winding, a cur- 
rent will flow. The secondary current causes a magnetomotive force that opposes 
the magnetomotive force of the primary current. In order to have the same net 
magnetomotive force to set up the same flux in the core of the transformer that 
was present at no load, it is necessary for the primary current to increase over its 
no-load value. Except for the small no-load component of current, the ratio of the 
primary to secondary current is the same as the ratio of the number of secondary turns 
to the number of primary turns. 

Small transformers have an efliciency of perhaps 90 per cent. Large power trans- 
formers have efficiencies of over 99 per cent. The losses are due to the resistance of 
the windings, hysteresis, and eddy currents in the iron core. 

Transformer Cooling. The volt-ampere rating of a transformer is determined 
largely by the allowable temperature rise. Transformers with a rating of 1 kva or 
less are usually of the dry type. Larger transformers may be oil-immersed with plain 
or corrugated tank, a tank with radiators, or a tank with water-cooling coils immersed 
in the oil. 

Instrument Transformers. Instrument transformers are classified as (1) voltage 
or potential transformers and (2) current transformers. Where a-c currents of more 
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than 100 amp or a-c voltages of more than 500 volts are to be measured, instrument 
transformers and low-range instruments are usually employed. 

Instrument transformers also serve to insulate a high-voltage primary winding from 
the low-voltage secondary, and thus protect personnel reading the instruments from 
the danger of high-voltage electric shock. 

Two^winding Transformers. As the name implies, these transformers have only 
two windings. By suitable connection of three single-phase (two-winding) trans- 
formers, two three-phase circuits can be tied together. 

Polyphase Transformers. A three-phase transformer usually has six insulated 
windings, three primaries and three secondaries all on the same core structure. It 
occupies less space and weighs less than three single-phase transformers that have the 
same total rating. 

Autotransformers. A single-phase autotransformer has a single winding. The 
primary winding and the secondary winding are not electrically insulated but are both 
part of the same tapped winding. The advantage of the autotransformer is its small 
physical size, especially when the primary and secondary voltages are nearly the same. 

Autotransformers with Continually Variable Tap. A sliding member is provided 
that makes contact with any turn of the winding, allowing a secondary voltage that is 
variable in small steps over a wide range of voltages. These devices carry trade 
names such as Variac and Power-stat. 

6i-8. Alternating Current to Direct Current Energy Conversion. To reduce the 
cost of transmission, electrical energy is usually generated and transmitted as a-c 
energy rather than d-c energy. The high transmission voltages possible with alter- 
nating current allow the use of smaller conductors than could be used with lower 
transmission voltages. Near the load centers, the voltage is reduced to utilization 
levels by transformers. 

Most electrical energy is utilized as a-c energy. For some applications, however, 
d-c energy is required. In these cases, it may be necessary to convert from a-c energy 
to d-c energy. This conversion from alternating to direct current can be made with 
rotating machines or rectifiers. The commonly used converters are: 

A. Rotating machines 

1. Motor generator 

2. Rotary converter 

B. Rectifiers 

1. Electronic 

a. Thermionic cathode, vacuum diode 

b. Thermionic cathode, gas diode 

c. Thermionic cathode, gas triode (thyratron) 

d. Mercury-arc, with pool cathode (mercury-arc and ignitron) 

e. Crystal diode 

2. Metallic-plate 

a. Selenium 

b. Copper oxide 

3. Mechanical 

Rotating Machines, motor generator: A d-c generator driven by a single-phase 
or polyphase induction motor or a synchronous motor provides one means of con- 
verting a-c energy to d-c energy. One feature of motor-generator sets that is impor- 
tant in some applications is the electrical isulation it gives between the a-c system and 
the d-c system. Other advantages are the small amount of a-c ripple voltage gener- 
ated, the ease with which the d-c voltage can be varied, and the small voltage variation 
with a change in load current. The motor-generator set is, however, relatively expen- 
sive in first cost and relatively low in efficiency. It weighs more and requires more 
floor space than other devices of the same power rating. 
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Table 5i-5. Transformer Connections 
(This table illustrates only a few of many possible connections) 



Type 



Connection diagram 



Phasor diagram 
of voltages 



Application 



Single-phase, 
two-wind- 
ing, three- 
wire 
secondary 



s 



A 



* 



Vco Vorf 

tt 



This single-phase transformer 
with center-tapped secondary 
is used in low-voltage distribu- 
tion circuits, A secondary 
voltage of 120 volts to center 
tap is suitable for lighting cir- 
cuits and 240 volts between 
outside lines for electric ranges, 
etc. 



Autotrans- 
former 




A Vc 

ff 



Autotransformers may reduce 
transformer costs in applica- 
tions where the primary-to- 
secondary turns ratio is near 
unity and electrical isulation 
of the primary and secondary 
is not required 



Autotrans- 
former 
with vari- 
able tap 



b ^T 




Vab 



oo S oc 



| v cd 



For ratings of a few watts to 
several kilowatts, these con- 
veniently provide a continu- 
ously variable a-c voltage 



Delta-delta 



Wye- wye 



Delta-wye 







This three-phase connection can 
be used for three single-phase 
transformers or a three-phase 
transformer. It is especially 
suitable for heavy currents at 
low voltages and will operate 
with one winding open 





Usually operated with one or 
both of the neutrals, 'o and o', 
grounded. The voltage be- 
tween lines is \/3 times the 
line-to-line voltage 





Commonly used with the neu- 
tral grounded at the generator 
end of transmission lines and 
in secondary distribution sys- 
tems where there are both 
lighting and three-phase ma- 
chine loads 



Scott or T 





For conversion from two-phase 
to three-phase or vice versa. 
Turn ratio from ao to a V 
- 1/2 y/3 X turn ratio for cb 
to o'b'. Other connections 
allow conversion from three- 
phase to six- or twelve-phase 
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Table 5i-6. A-C to D-C Application Chart 



Device 


Max 
current* 


Max 
voltage* 


Power range 


Application 


Rotating machines: 








For most applications, other de- 


Motor-generator set 


ma to 


A few volts 


A few watts 


vices are more economical. Used 




thousands 


to several 


to hundreds 


where a-c and d-c systems must 




of amp 


thousand 
volts 


of kw 


be completely isolated, where 
very little a-c ripple voltage can 
be tolerated or where good volt- 
age regulation and control are 
needed 


Rotary converter 


ma to 


A few volts 


A few watts 


Most used in electric railways. 




thousands 


to several 


to hundreds 


In recent years it has been re- 




of amp 


thousand 
volts 


of kw 


placed in many applications by 
the mercury-arc rectifier. Has 
higher efficiency than motor 
generator 


Rectifiers: 










Electronic 










Thermionic cathode, 


ma to over 


To over t 


Usually only 


For voltages above 400 volts at 


vacuum diode 


5.5 ampf 


200,000 


a few watts. 


currents up to several hundred 






volts 


Up to sev- 
eral kw 


ma. Where very high voltages 
are needed, X-ray and electro- 
static precipitation 


Thermionic cathode, 


ma to over 


To over 


A few watts 


Battery chargers, radio trans- 


gas diode 


50 ampf 


20,000 


to several 


mitters and receivers, dielectric 






volts 


kw 


and induction heaters, etc. For 
moderate current and voltage 
requirements 


Thermionic cathode, 


ma to over 


To over 


A few watts 


Used where a variable d-c voltage 


gas triode 


15 ampf 


10,000 


to several 


is required, such as an elec- 


(thyratron) 




volts 


kw 


tronically controlled d-c motor 


Mercury arc with 


Up to 


To over 


About 50 kw 


Electrochemical plants and elec- 


pool cathode 


thousands 


20,000 


to over 


tric railways. Not suitable for 


(mercury arc 


of amp 


volts 


3,000 kw 


voltages below 200 volts. Volt- 


and ignitron) 








age control is possible with 
ignitrons 


Metallic plate 










Selenium 


ma to above 


To over 


mw to 100 kw 


Radio receivers, battery chargers, 


Copper oxide 


10,000 
amp 


75 kv 




and small electronic devices. 
Not much used above 200 volts 


Mechanical 


Thousands 


To over 


Several 


For applications requiring large 




of amp 


1,000 


hundred to 


amounts of d-c energy, such as 






VOltS 


several 
thousand kw 


electrochemical plants 


* The maximum curren 


t and maximi 


im voltage vs 


ilues given are ri 


nutually exclusive. A high- voltage 



tube is usually a low-current tube and vice versa. 

t Maximum current for a single tube. In a rectifier utilizing several tubes, the rectifier current 
rating may be higher. 



rotary converter: The rotary converter is an a-c motor and d-c generator with a 
single magnetic circuit. The machine has a d-c excited field winding on the stator and 
a distributed winding on the rotor. The rotor winding is connected to slip rings at 
one end of the rotor and to commutator bars at the other. Thus a-c voltage is applied 
to the same winding from which the d-c voltage is obtained. For this reason the ratio 
of the d-c voltage available to the a-c voltage applied is fixed. The rotary converter 
and its auxiliary equipment usually have a lower first cost and higher efficiency than a 
motor-generator set of similar rating. 
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Rectifiers. Both electronic and metallic-plate rectifiers have a nonlinear char- 
acteristic, allowing electron flow in one direction and blocking the flow of electrons in 
the opposite direction. The mechanical rectifier is a set of switches operated by a 
synchronous motor, opening and closing in such a manner that electrons can flow to a 
load circuit in one direction only. 

thermionic cathode, vacuum diode: This tube has two elements, the cathode and 
the anode, enclosed in an evacuated shell. On heating, the cathode emits electrons 
which are attracted to the anode when the anode is at a higher potential than the 
cathode. Since the anode does not emit electrons in any quantity, the tube acts as a 
rectifier, allowing an electron flow in only one direction. Vacuum diodes have been 
designed that can withstand a negative anode voltage of over 200,000 volts. Tubes 
designed for high voltages have large spacing between the cathode and anode, which 
causes a high tube resistance and hence a large voltage drop across the tube at full 
load current. Tubes operating at lower voltages have smaller spacing and a corre- 
spondingly smaller tube resistance. Under normal operating conditions, the tube cur- 
rent is limited by a negative space charge caused by the electrons collecting around 
the cathode and producing a negative potential near the cathode that tends to drive 
emitted electrons back toward the cathode 

thermionic cathode, gas diode: These tubes contain an inert gas or mercury 
which vaporizes when the cathode is heated. Upon application of a positive potential 
to the anode, the moving electrons will ionize the gas, leaving the heavy and slow- 
moving ions in the space between the tube electrodes. These positive ions neutralize 
the negative space charge that is present in vacuum diodes. With the space charge 
neutralized, the tube current is limited only by the emitting capacity of the cathode. 
The voltage drop between the tube electrodes is approximately the ionization poten- 
tial of the gas. The gas diode has a higher efficiency than the vacuum diode and so is 
much used in low-voltage applications such as radio receivers. While gas diodes are 
available that will withstand voltages above 20,000 volts, most designs do not permit 
voltages above a few hundred volts. To prevent cathode disintegration in gas tubes, 
it is necessary to heat the cathode to normal operating temperature before applying 
anode voltage. The tube current should be limited to a safe value by placing resist- 
ance in the anode circuit. 

thermionic cathode, gas triode (thyratron) : The thyratron has a grid placed 
between the anode and the cathode. By applying a negative voltage, with respect 
to the cathode, to the grid, tube conduction may be prevented. If the negative grid 
voltage is reduced toward zero sufficiently when the plate is at a positive voltage, the 
tube will conduct. Once the tube conducts, the grid cannot stop conduction. Increas- 
ing the negative voltage on the grid causes more positive ions to collect around the 
negative grid, preventing the negative voltage from becoming an effective barrier 
between the cathode and the anode. The cathode-to-anode electron flow can be 
stopped only by reducing the anode voltage to less than the gas-ionization voltage. 
Since the anode voltage goes to a negative value during every cycle of the a-c voltage, 
the grid regains control every cycle. By using the grid to control the period during 
each cycle that the tube may conduct, d-c output voltage control can be obtained in 
thyratron rectifiers. 

mercury arc, with pool cathode (mercury arc and ignitron) : Mercury-arc 
tubes have a pool of mercury for a cathode and source of electrons. Once the arc has 
been initiated, the supply of electrons is almost unlimited so that the current must be 
held to a safe value by the impedance in the tube circuit. Many of these tubes are 
water-cooled. Mercury-arc tubes may have several anodes and a single pool cathode. 
In this case it is necessary that the arc be maintained continuously after it has started. 
The arc is initiated by lifting a rod that completes an auxiliary circuit from the mer- 
cury pool. The ignitron has a single anode and an igniter rod that permits initiation 
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of the arc each cycle. The rod is permanently dipped into the mercury pool and a 
pulse of current through this circuit initiates the arc. In rectifiers utilizing ignitrons, 
the output voltage can be controlled by varying the time when the arc is initiated 
with respect to the anode voltage. Mercury-arc tubes of the multianode and ignitron 
types are used only when large amounts of d-c energy are required. 

selenium: Each selenium rectifier cell consists of a metal disk to which a thin layer 
of selenium had been applied. The selenium is sprayed with an alloy coating. Cur- 
rent will flow freely through the cell from the metal disk to the alloy coating but with 
difficulty in the opposite direction. Selenium cells are stacked in series to obtain a 
rectifier with the desired voltage rating. Several stacks can be operated in parallel 
for increased current ratings. Large fins are sometimes attached to the disks to aid 
in cooling the stack, and forced-air cooling or oil-immersion cooling may be used. 
Selenium rectifiers are now used in ratings from a few milliwatts to many kilowatts. 

copper oxide: The application of copper-oxide rectifiers is the same as that of 
selenium rectifiers. Copper-oxide cells are formed by coating cuprous oxide (Cu 2 0) 
on a copper disk at a high temperature. The cell will pass current freely from oxide 
to copper but presents a high resistance to current flow in the opposite direction. 

mechanical bectifiers: Mechanical rectifiers are used only where very large 
amounts of d-c power are required. A synchronous motor drives a set of switches 
that connect the d-c load circuit to each of the several a-c phases in such a way that the 
current flows to the load circuit in only one direction. The absence of a voltage drop 
across the closed switch makes this rectifier more efficient than the mercury-arc 
rectifier. The mechanical rectifier is a European development and is now being 
introduced in the United States. 

Rectifier Circuits. Table 5i-7 lists a few of many possible circuits that are used for 
electron-tube and metallic-plate rectifiers. 

Single-phase rectifiers are most used for rectifiers with an output rating of less than 
1 kw and must be used where a polyphase supply voltage is not available. Because 
of the large amount of a-c ripple voltage present in the load voltage, it is often neces- 
sary to filter out the a-c component by the use of inductors and capacitors. In some 
applications gas-filled tubes are used to maintain an output voltage that is free of 
ripple. Many commercial power supplies (a-c to d-c converters) utilize single-phase 
rectifiers, filters, and voltage-regulating devices. The a-c ripple voltage can be held 
to any desired level but the cost of the power supply increases with a reduction of the 
a-c content of the output voltage. 

Where large amounts of a-c energy must be converted to direct current by rectifica- 
tion, polyphase rectifiers are preferred. When a three-phase supply voltage is avail- 
able, transformers can be connected to convert to 6, 12, or more phases. An increase 
in the number of phases will decrease the a-c ripple in the output voltage, as can be 
seen by inspection of the waveforms of Table 5i-7. Increasing the number of phases 
above three increases the cost of the supply transformers. For many applications the 
small a-c ripple voltage of the polyphase rectifier is permissible. If it is not, it is less 
expensive to filter out the 360 cps (for 60 cps supply) ripple voltage of the three-phase 
bridge rectifier, for example, than it is to filter out the 60 cps ripple voltage of the 
single-phase half -wave rectifier. 
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Editor's note. The symbols used in electrochemistry do not always conform with 
those given in Sec. 5a which do follow the recommendations of the American Standards 
Association, ASA Z10.6-1948 and ASA Z10.5-1949. The user of electrochemical data 
may wish to refer to the electrochemical references. Therefore, some of the sym- 
bols used in this section are those most commonly found in the literature of this 
subject. 

Conductance data and transference numbers were taken from Harned and Owen 
(1950), Kortum and Bockris (1951), and Robinson and Stokes (1955). Additional 
data may be found in these three books and in Conway (1952), Kohlrausch (1898), 
" International Critioal Tables," and Landolt-Bdrnstein. 
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Diffusion coefficients were taken from Harned (1953), Robinson and Stokes (1955), 
and from recent scientific papers. Some more data may be found in these sources. 
Additional information may be derived from tables of polarographic data compiled 
by Koltoff and Lingane (1952) and by von Stackelberg (1950). 

Standard electromotive forces of half cells were taken from Latimer (1952). Many 
additional data are available in his tables. Note especially the table on page 345 for 
alkaline solutions. Other values of E° may be calculated from the free-energy data of 
Rossini et al. (1952). 

Activity coefficients were selected from extensive tables in Harned and Owen (1950), 
Kortum and Bockris (1951), and Robinson and Stokes (1955). Additional data may 
be found in these sources and in Robinson and Stokes (1949) and in Conway (1952). 

Dissociation constants are from Harned and Owen (1950) and Hood, Redlich,, and 
Reilly (1954) . Constants for many other equilibria may be found in Harned and Owen 
(1950), Redlich (1946), "International Critical Tables," Scudder (1914), and may be 
derived from thermodynamic data of Rossini et al. (1952) and of Latimer (1952). 

The molal heat content (enthalpy) data were taken from Harned and Owen (1950). 

Standard entropies of ions were taken from Latimer (1952) and from Powell and 
Latimer (1951). Additional values may be found in those sources and in Robinson 
and Stokes (1955) and in Kortum and Bockris (1951). 

Electrochemical data of many other kinds have been tabulated by Robinson and 
Stokes (1955), Harned and Owen (1950), and Kortum and Bockris (1951). Informa- 
tion especially useful for the electrometric determination of pH has been assembled 
by Bates (1954). Polarographic data have been collected by Kolthoff and Lingane 
(1952) and by von Stackelberg (1950). 

The large general tables of Landolt-Bornstein and the "International Critical 
Tables" also contain a wide variety of electrochemical information. 

Notes on Abbreviations, Symbols, and Terminology Used in Table 6j-6 and in 
the Discussion Which Follows. 

The letters (g), (1), (s), and (aq) denote gas, liquid, solid, and aqueous solution, 
respectively. These symbols are often omitted for substances which are in their most 
familiar states. 

Pt. Many authors writing symbols for electrodes include the symbol "Pt" when- 
ever no solid conducting element appears elsewhere in the formulation of the elec- 
trode. Its purpose is to remind the reader that some connection (not necessarily 
platinum) to the external portion of the circuit must be provided. The symbol is 
not essential and has been omitted in Table 5j-6. 

Cathode and Anode. The words cathode and anode are not essential for a discussion 
of electrochemical cells. They are not used in the explanation which follows. Because 
some writers use the words frequently their meanings must be understood. At the 
cathode reduction occurs; at the anode oxidation occurs. In the external portion 
of the circuit electrons flow from anode to cathode, whereas the "positive current" is 
said to flow in the external conductor from cathode to anode. Within the cell the 
"positive current" flows from anode to cathode, thus completing the circuit. The 
current within the cell consists of both positive ions moving from anode to cathode 
and negative ions moving from cathode to anode. Note that in an electrochemical 
cell operating spontaneously the anode is the negative pole and the cathode is the 
positive pole. For a somewhat more detailed discussion of the words, see Daniels 
and Alberty (1955). 

E denotes the electromotive force (emf ) of a cell or half cell. 

E° denotes the standard emf defined below. 

AF denotes the increase in Gibbs free energy for the reaction specified. 

AF° denotes the standard increase in free energy. It is related to E° by an equation 
similar to Eq. (5j-l). 
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Table 5j-l. Equivalent Conductances and Cation Transference 

Numbers of Electrolytes in Aqueous Solutions at 25°C 

(A in cm 2 ohm -1 equivalent" 1 ; N in equivalent liter -1 ) 





N 





0.001 


0.01 


0.02 


0.05 


0.1 


HC1 


A 


426.16 
0.8209 


421.36 


412.00 
0.8251 


407 . 24 
0.8266 


399.09 
0.8292 


391.32 
0.8314 


LiCl 


A 

t + 


115.03 
0.3364 


112.40 


107.32 
0.3289 


104.65 
0.3261 


100.11 
0.3211 


95.86 
0.3168 


NaCl 


A 


126.45 
0.3963 


123.74 


118.51 
0.3918 


115.76 
0.3902 


111.06 
0.3876 


106.74 
0.3854 


KC1 


A 


149.86 
0.4906 


146.95 


141.27 
0.4902 


138.34 
0.4901 


133.37 
0.4899 


128.96 
0.4898 


NH4CI 


A 


149.7 
0.4909 




141.28 
0.4907 


138.33 
0.4906 


133.29 
0.4905 


128.75 
0.4907 


KBr 


A 


151.9 
0.4849 




143.43 
0.4833 


140.48 
0.4832 


135.68 
0.4831 


131.39 
0.4833 


Nal 


A 


126.94 


124.25 


119.24 


116.70 


112.79 


108.78 


KI 


A 


150.38 
0.4892 




142.18 
0.4884 


139.45 
0.4883 


134.97 
0.4882 


131.11 
0.4883 


KNO3 


A 


144 . 96 
0.5072 


141.84 


132.82 
0.5084 


132.41 
0.5087 


126.31 
0.5093 


120.40 
0.5103 


KHCO3 


A 


118.00 


115.34 


110.08 


107.22 






Na0 2 C 2 H 3 


A 


91.0 
0.5507 


88.5 


83.76 
0.5537 


81.24 
0.5550 


76.92 
0.5573 


72.80 
0.5594 


NaG 2 C(CH 3 ) 2 CH 3 


A 


82.70 


80.31 


75.76 


73.39 


69.32 


65.27 


NaOH 


A 


247.8 


244.7 


238.0 








AgN0 3 


A 


133.36 
0.4643 


130.51 


124.76 
0.4648 


121.41 
0.4652 


115.24 
0.4664 


109.14 
0.4682 


iMgCl 2 


A 


129.40 


124.11 


114.55 


110.04 


103.08 


97.10 


iCaCl 2 


A 


135.84 
0.4380 


130.36 


120.36 
0.4264 


115.65 
0.4220 


108.47 
0.4140 


102.46 
0.4060 


iSrCl 2 


A 


135.80 


130.33 


120.29 


115.54 


108.25 


102.19 


|BaCl 2 


A 


139.98 


134.34 


123.94 


119.09 


111.48 


105 . 19 


JNa 2 S0 4 


A 


129.9 
0.386 


124.15 


112.44 
0.3848 


106.78 
0.3836 


97.75 
0.3829 


89.98 
0.3828 


£CuS0 4 


A 


133.6 


115.26 


83 . 12 


72.20 


59.05 


50.58 


|ZnS0 4 


A 


132.8 


115.53 


84.91 


74.24 


61.20 


52.64 


ILaCh 


A 

t + 


145.8 
0.477 


137.0 


121.8 
0.4625 


115.3 
0.4576 


106.2 
0.4482 


99.1 
0.4375 


JK 3 Fe(CN) 6 


A 


174.5 


163.1 










iK 4 Fe(CN) 6 


A 


184.5 


167.24 


134.83 


122.82 


107.70 


97.87 



ELECTROCHEMICAL INFORMATION 



6-271 



Table 5j-2. Limiting Equivalent Conductances of Ions in Water in 

Infinitely Dilute Solution 

(cm 2 ohm -1 equivalent -1 ) 



Ion 



Ion 



A 



H+. 



Li+.. 

Na+. 



K + . 



NH 4 + 

Ag+ 

T1+ 

^Mg++ 

i Ca ++ 

i Sr++ 

i Ba++ 

I Cu++ 

£ Zn ++ 

i L a 3+ 

iCo(NH 3 ) 6 3+ I 25 



15 
25 
35 
25 
15 
25 
35 
15 
25 
35 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 



300.6 
349.8 
397.0 
38.69 
39.75 
50.11 
61.53 
59.66 
73.50 
88.21 
73.4 
61.92 
74.7 
53.06 
59.50 
59.46 
63.64 
54 
53 

69.5 
102 



OH- 

Cl". 



Br- 



I-. 

N0 3 " 

CIO*" 

HC0 3 " 

CH3CO2- 

C1CH 2 C0 2 -.... 

J CH 3 CH 2 C0 2 -. . 

CH 3 (CH 2 ) 2 C0 2 - 

C 6 H 5 C<V 

HC 2 4 - 

-% C 2 4 = 

i so 4 = 

iFe(CN) 6 3-... 
^Fe(CN) 6 4 -.... 



25 
15 
25 
35 
15 
25 
35 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 
25 



197.6 
61.42 
76.34 
92.21 
63.3 
78.3 
94.2 
76.8 
71.4 
68.0 
44.5 
40.9 
39.8 
35.8 
32,6 
32.3 
40.2 
74.2 
80 

101 

111 



Table 5j-3. Limiting Equivalent Conductances of Ions in Methanol 

and Ethanol 
(ohm -1 cm 2 equivalent -1 ) 





Methanol 


Ethanol 




25°C 


4°C 


25°C 


4°C 


H+ 
Li+ 
K + 

ci- 

CIO4- 
N0 3 - 


141.8 

53.6 
51.27 
70.1 
60.5 


113.2 

39.35 
37.12 
52.85 
45.2 


57.40 
15.00 

24.30 
33.55 


37.24 
9.62 

16.01 
22.40 



N denotes the number of Faradays (F) of electricity. N may have any positive 
value. For simplicity it is arbitrarily chosen as unity for all of Table 5j-6 and for 
each example of its use. 

Significance of Table 5j-6 and Conventions. When current passes through a 
reversible electrolytic cell oxidation occurs at one electrode and reduction at the 
other. When the direction of the current is reversed the chemical reaction is reversed 
and oxidation and reduction exchange places. While no current is passing through 
the cell a reversible emf may be measured with a potentiometer. Electromotive 
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Table 5j -4. Limiting Values of Differential Diffusion Coefficients in 
H 2 at 25° in Infinitely Dilute Solution 





D X 10 5 




D X 10 5 




D X 10 6 




cm 2 sec -1 




cm 2 sec -1 




cm 2 sec' 1 


LiCl 


1.368 


AgN0 3 


1.768 


SrCl 2 


1.336 


NaCl 


1.612 


Li 2 S0 4 


1.041 


MgS0 4 


0.849 


KC1 


1.996 


Na 2 S0 4 


1.230 


ZnS0 4 


0.849 


RbCl 


2.057 


CS2SO4 


1.569 


LaCl 3 


1.294 


KNO3 


1.931 


CaCl 2 


1.336 


K 4 Fe(CN) 6 


1.473 



Table 5j -5. Differential Diffusion Coefficients of Potassium Chloride 

at 4°C and 25°C 





D X 10 5 


D X 10 5 


M 


at 4°C 


at 25°C 


mole liter -1 


cm 2 sec -1 


cm 2 sec -1 


0.000 


(1.135) 


(1.996) 


0.0004 


1.125 


1.974 


0.0016 


1.115 


1.957 


0.01 


1.091 


1.915 


0.04 


1.063 


1.870 


0.25 


1.036 


1.836 


1.00 




1.893 


4.00 




2.207 



forces of cells are important thermodynamic data since 

A p = -NFE 



(5j-D 



It is conventional to associate AF with the reaction which occurs when N Faradays, 
i e , ca. N 96,500 coulombs, of positive electricity is passed through the cell from left 
to right. It is conventional to write E as positive if this current flows spontaneously 
from left to right through the cell, i.e., if electrons are caused by the cell reaction to 
move in the external part of the circuit from left to right. According to this con- 
vention E of the cell is positive if the right-hand electrode is positive with respect to 
the left-hand electrode. If the cell is rewritten in the reverse order the algebraic 
sign of its emf is changed. [The negative sign in Eq. (5j-l) is a consequence of these 
two conventions.] Examples: 



H 2 , HC1 (aq), Cl 2 E° 
C1 2 ,HC1 (aq), H 2 E° 



1.3595 volt at 25°C 
-1.3595 volt at 25°C 



(5j-2) 
(5j-3) 



In these equations the symbol ° (read "standard") indicates that all the cell reactants 
and products are in their standard states, i.e., each is at unit activity. Actually 
there are no criteria for the decision that the activity of any single ion (a + of H+ or 
a_ of CI", in this example) is unity. The emf of the cell is completely determined, 
however, by a product of ion activities; in this example by 



a + a_ — c&2 



(5j-4) 
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The activity a 2 of the solute, e.g., H CI, can be measured and is known for many 
electrolytes as functions of their concentration. 

The emf of a cell may be regarded as the net result of two opposing half-cell reac- 
tions, one at each electrode. Each of these two half reactions may be thought of as 
having a tendency to liberate electrons or each may be considered to possess a 
tendency to consume electrons. The half reaction having the greater tendency to 
acquire electrons forces the other half reaction to surrender them, or according to 
the alternative point of view, the half reaction having the greater tendency to liberate 
electrons forces the other to accept them. These two points of view are designated 
below as plan A and plan B, respectively. Either plan is quite correct and general. 
Example: Consider the cell of Eq. (5j-2), H 2 , HC1 (aq), Cl 2 . At the left-hand elec- 
trode the half reaction, for N = 1, may be considered to be either (a) or (6); thus 

Plan A PlanB 

^ H 2 -^ H+ + e (a) e + H+ - £ H 2 (6) (5j-5a, 56) 

The opposing half-cell reaction (at the other electrode) is written 

Cl-->|Cl 2 + e (c) e+|Cl 2 -^Cl- (d) (5j-5c, 5d) 

Since E° of cell (2) is positive it is obvious that half reaction (c) has less tendency 
to proceed than half reaction (a), and that (d) has more tendency to proceed than (b) 
The difference m each case is 1.3595 volts. 
Similarly the cell 

Tl, T1C1 (aq), Cl 2 (g) E° = 1.6958 volts (5j-6) 

involves two opposing half reactions which are 

Plan ,4 Plantf 

and Tl-Tl+ + e (e) e+Tl^Tl (/) (5j-6e,6/) 

Cl~^Cl 2 +e ( C ) G+^C1 2 ^C1- (d) (5j-5c,5d) 

Since E° of the cell is 1.6958 volts, the tendency of (e) is 1.6958 greater than that of (c) 
and the tendency of (/) is 1.6958 volts less than that of (d). To simplify the tabula- 
tion of relative half-cell emfs it has long been the custom to compare all reactions 
to (a) in plan A or to (6) m plan B. In the same sense that the altitude of sea level 
is arbitrarily set equal to zero the half-cell emfs of (a) and (6) are called zero and the 
emfs of all other half cells are listed relatively to (a) or to (b) depending upon the 
plan used by a n author. Since the tendency of (e) is 1.6958 volts greater than 
that of (c) which, m turn, is 1.3595 volts less than that of (a), the appropriate entries 
for the table are, respectively, 

Plan A PlanB 

Tl-Tl+ + e #'=0.3363 volt + Tl+^ Tl ^ = -0.3363 volt (5j-6e, 6/) 
Both plan A and plan B emfs are listed here because each plan corresponds rather 
closely to a set of conventions followed more or less closely by a large fraction of the 
scientists of the world. The conventions have not always been adopted in full 
borne authors who use column (1) may omit either (2) or (3) [since (2) implies (3) 
and (3) implies (2)]. Similarly other authors use (6) and omit either (4) or (5) 
There is no objection to such conciseness if the material is addressed to an adequately 
informed audience. Unfortunately, some authors have mixed plan A and plan B 
Some of them have done so consistently and logically, but confusion has nevertheless 
resulted when a reader of one book or table attempted to use another. To avoid 
confusion the Commission on Physicochemical Symbols and Terminology and the 
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Commission on Electrochemistry of the International Union of Pure and Applied 
Chemistry, meeting in Stockholm in 1953, voted to recommend that column (1) be 
associated henceforth with column (2) and that (6) be associated with (5). The 
associations with columns (3) and (4), respectively, are implicit. The commission 
also recommended that values in column (6) but not those in column (1) be referred 
to as "electrode potentials/ ' 

Incorrect Notions. Erroneous attempts have been made to associate the half -cell 
emf with the " difference in 'potential" between an electrode and the solution in 
which it is immersed. For a discussion of the logical difficulties involved, see 
Guggenheim (1930) and (1949). 

The Use of Table 5j-6. To calculate E° of any cell; e.g., 

Tl, T1C1 (aq), AgCl (s), Ag (5j-7) 

according to plan A write the equation for the half-cell reaction and E° of the left- 
hand electrode: 

T1—T1+ + 9 #° = 0.3363 volt (5j-6e) 

Subtract both the half -cell reaction and E° of the right-hand electrode: 

-[Ag + Cl"-» AgCl + G] -E° =-(-0.2223 volt) (5j-7#) 

The conventional cell reaction, i.e., the reaction accompanying the passage of 
positive electricity from left to right through the cell (and for N = 1), results. It 
may be represented by either of the two equivalent equations: 

Tl + AgCl -h> Ag + Tl + + CI" ) „ 

Tl + AgCl- Ag + T1C1 (aq) f E ° = +0-5586 volt (5j-8) 

Since E° is positive AF° is negative for *the reaction indicated in Eq. (5j-8). Eq. 
(5j-8) is therefore the equation for the reaction actually taking place in the celLwhen 
all activities are unity. If the cell had been written Ag, AgCl, T1C1 (aq), Tl, the 
indicated reaction would have been 

Ag + T1C1 (aq) -^ Tl + AgCl E° = -0.5586 volt (5j-9) 

The conclusions concerning the actual reaction and the absolute values of AF° and E° 
would be unchanged. 

The problem may be solved similarly by plan B. The essential notion of plan B 
is the comparison of tendencies to take up electrons: E° of the cell is positive if the 
right-hand electrode has the greater tendency to acquire electrons. Using columns 
(4), (5), and (6) write the half-cell reaction and E° for the right-hemd electrode: 

9 + AgCl -* Ag + CI" E° = 0.2223 volt 

Subtract both the half -cell reaction and E° of the left-hand electrode 

-[9 4-T1+-+T1] -E° = -(-0.3363 volt) 
Tl + AgCl — Ag + T1C1 (aq) E° = 0.5586 volt (5j-8) 

Again: E° is plus and AF° is negative for the reaction accompanying the passage of 
("positive") electricity from left to right through the cell. 1 

A third procedure for the calculation of the emf of a cell can be used whenever a 
dual table such as Table 5j-6 is available. The cell emf may be regarded as the sum of 

1 Additional data are available in Latimer (1952). Note the special table (p. 345) for 
alkaline solutions. More emf values can be calculated by Eq. (5j-l) from the extensive 
free-energy tables of Rossini et al. (1952). 
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Table 5j-8. Mean-activity Coefficients y ± of HC1 in Aqueous Solution 

(m in mole kg -1 ) 



m 


0° 


10° 


20° 


25° 


40° 


50° 


60° 


0.0001 
0.0002 
0.0005 


0.9890 
0.9848 
0.9756 


0.9890 
0.9846 
0.9756 


0.9892 
0.9844 
0.9759 


0.9891 
0.9842 
0.9752 


0.9885 
0.9833 
0.9741 


0.9879 
0.9831 
0.9738 


0.9879 
0.9831 
0.9734 


0.001 
0.002 
0.005 


0.9668 
0.9541 
0.9303 


0.9666 
0.9544 
0.9300 


0.9661 
0.9527 
0.9294 


0.9656 
0.9521 
0.9285 


0.9643 
0.9505 
0.9265 


0.9639 
0.9500 
0.9250 


0.9632 
0.9491 
0.9235 


0.01 
0.02 
05 


0.9065 
0.8774 
0.8346 


0.9055 
0.8773 
0.8338 


0.9052 
0.8768 
0.8317 


0.9048 
0.8755 
0.8304 


0.9016 
0.8715 
0.8246 


0.9000 
0.8690 
0.8211 


0.8987 
0.8666 
0.8168 


0.1 
0.2 
0.5 


0.8027 
0.7756 
0.7761 


0.8016 
0.7740 
0.7694 


0.7985 
0.7694 
0.7616 


0.7964 
0.7667 
0.7571 


0.7891 
0.7569 
0.7432 


0.7850 
0.7508 
0.7344 


0.7813 
0.7437 
0.7237 


1.0 
2.0 
4.0 


0.8419 

1.078 

2.006 


0.8295 

1.053 

1.911 


0.8162 

1.024 

1.812 


0.8090 
1.009 
1 762 


0.7865 
0.9602 


0.7697 
0.9327 


0.7541 
0.9072 



two tendencies supplementing each other instead of two opposing each other. The 
equation for the appropriate half reaction for the left-hand electrode is taken from 
plan A [column (3)] and the equation for the other half reaction from plan B [column 
4]. The equation for the conventional cell reaction is the sum of these equations for 
the respective half reactions. The standard emf of the cell is the sum of the standard 
half -cell emfs [column (1) and column (6)]. This procedure can be instructive for 
beginning students but is not stressed here because the printing of lengthy tables in 
dual form is usually not feasible. Normally each author selects one plan or the other 
and uses that one exclusively. 

General Discussion. Many electrochemists and many biologists prefer to use the 
"electrode potentials' ' of plan B. American physical chemists have usually preferred 
plan A. For his extensive treatise Prof. W. M. Latimer chose plan A. To use his 
tables those who prefer plan B should observe that the standard half-cell emfs tabu- 
lated by him are the negatives of the respective "electrode potentials" and that his 
equations may be written in the reverse direction to fit plan B rather than plan A. 
The user should also note that his equations are written for integral values of N but 
not always for N = 1. 

It should be clearly understood that all of the standard emfs of Table 5j-6 are 
equilibrium values and are valid strictly only when no current is passing or when the 
current passing is so small that resulting changes in the cell are negligible. The 
reversal of such a current would not affect the magnitude and, of course, could not 
alter the algebraic sign of the emf of a cell or half cell. The choice of plan A or plan B 
is an arbitrary one and has nothing to do with the direction in which current is actually 
passed through a given cell. 
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Table 5j-10. Relative Apparent Molal Heat Content <pL and 
Molal Heat Content £2 of Solutes in Dilute 
Aqueous Solutions at 25°C 
(cal mole -1 ) 
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Partial 



m 


0.0001 


0.0004 


0.0016 

i 


0.0064 


0.0100 


0.0400 


0.0900 


NaCl 


tpL 

u 


4.5 
6.5 


. 8.5 

12:5 


17.0 
24.0 


33 
46 


40 
57 


67 
92 


83 
104 


NaI0 3 


u 


4.0 

5.8 


7.5 
11.0 


14.0 
19.8 


21 
24 


21 
20 



-41 




KC1 


u 


4.5 
6.5 


8.5 
12.5 


16.0 
24.0 


31 
46 


38 
55 


65 

82 


77 
91 


KCIO4 


<pL 

u 


4.3 
6.2 


8.0 
11.3 


13.0 
16.6 


16 
13 


14 
4 


-28 
-86 




Li 2 S0 4 


u 


24 
35 


47 
69 


91 
135 


177 
260 


218 
317 


377 
508 


488 
620 


Cs 2 S0 4 


u 


20 
29 


39 
57 


71 
102 


121 
161 


139 
176 


161 
152 


137 

87 


SrCl 2 




23 
34 


46 
66 


86 
125 


161 
232 


195 
277 


332 
443 


420 
528 


SrBr 2 


<pL 

u 


23 
33 


44 
64 


82 
119 


152 
216 


182 
254 


293 
383 


366 
452 


Ba(N0 3 ) 2 




19 
27 


36 
51 


59 
75 


72 

68 


. 66 
37 


-46 
-195 


-223 
-528 



Table 5j-ll. Standard Entropies of Monatomic Ions 

in Aqueous Solutions at 25°C 
(Referred* to H 2 -> 2H+ + 29; AS = 0; cal mole" 1 deg"*) 



Ion 


S° 


Ion 


S° 


Ion 


S° 


Cs + 


31.8 


Ca ++ 


-13.2 


Cr 3 + 


-73.5 


T1+ 


30.4 


Cd ++ 


-14.6 


Al 3+ 


-74.9 


Rb + 


29.7 


Mn ++ 


-20 


Ga 3+ 


-83 


K + 


24.5 


Cu ++ 


-23.6 


TJ4+ 


-78 


Ag + 


17.67 


Zn ++ 


-25.45 


Pu 4+ 


-87 


Na+ 


14.4 


Fe ++ 


-27.1 


I- 


26.14 


Li+ 


3.4 


Mg ++ 


-28.2 


Br- 


19.25 


Pb ++ 


5.1 


U 3+ . 


-36 






Ba ++ 


3.0 


P U 3+ 


-39 


ci- 


13.17 


Hg+ + 


-5.4 


Gd 3+ 


-43 


F" 


-2.3 


Sn + + 


^5.9 


In 3 + 


-62 






Sr ++ 


-9.4 


Fe 3+ 


-70.1 


s- 


-6.4 



* This is not equivalent to the setting of S« of H + equal to zero; cf. Klotz (1950). 
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Table 5j-12. Standard Entropies of Polyatomic Ions 

in Aqueous Solutions at 25 °C 
(Referred* to H 2 -> 2H+ + 29; AS = 0; cal mole" 1 deg" 1 ) 



Ion 


5- 


Ion 


s° 


Ion 


S° 


OH- 


-2.5 


HSOr 


30.3 


P0 4 3 ~ 


-52 


cio- 


10.0 






As0 4 3 " 


-34.6 


HC0 2 ~ 


21.9 


H 2 As0 4 - 


28 


HF 2 ~ 


0.5 


cio 2 - 


24.1 


H 2 P0 4 - 


21.3 


BF 4 " 


40 


N0 2 ~ 


29.9 


HN 2 4 - 


34 


SiF 6 = 


-12 


N0 3 ~ 


35.0 


BeO a = 


-27 


CuCl 2 " 


49.2 


cio 3 - 


39.0 


C0 3 = 


-12.7 


A11CI4- 


61 


BrOs" 


38.5 


SOr 


-7 


PdClr 


36 


IO3- 


28.0 


so 4 = 


4.1 


ptcir 


42 


ClOr 


43.2 


Se0 4 = 


5.7 


PtCl 6 = 


52.6 


Mn0 4 _ 


45.4 


N 2 or 


6.6 


I3- 


41.5 


HCOr 


22.7 


c 2 o 4 = 


10.6 


Ag(CN) 2 " 


49 


HSO3- 


26 


O 2 7 = 


51.1 


Ni(CN) 4 = 


33 


SH" 


14.9 


hpo 4 = 

HAs0 4 ~ 


-8.6 
0.9 


FeCl ++ 


-22 



* This is not equivalent to the setting of S® of H+ equal to zero; cf. Klotz (1950). 
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5k. Electric and Magnetic Properties of the Earth and Stars 
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ATMOSPHERIC ELECTRICITY 

5k-l. Atmospheric Ionization. Cosmic radiation is the chief source of ionization 
in the lower stratosphere and throughout the troposphere except for the lowest 1 to 
2 km over land (Table 5k-l). Within the air stratum adjacent to land surfaces, the 
predominant ionizer is radiation from radioactive matter in the earth and suspended 
in the atmosphere. The intense ionization of the ionosphere results from the ultra- 
violet and corpuscular radiation from the sun (Table 5k-2). 

The mobility of small ions in pure dry air is given as 1.6 and 2.2 cm /sec /volt /cm 
for the positive and negative ions, respectively, by Loeb. 5 In the presence of air 
impurities, small ions are transformed into large ions whose mobilities are of the 

1 Atmospheric electricity. 3 Terrestrial magnetism. 

2 Terrestrial electricity. 4 Stellar and galactic magnetism. 

5 L. B. Loeb, "Kinetic Theory of Gases," 2d ed., McGraw-Hill Book Company, Inc., 
New York, 1934. 
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Table 5k-l. Rate of Formation, Density, and Mean Life 
of Small Ions in the Lower Atmosphere 





Rate of formation 


Density 


Mean life 




[Fleming (1949)], 


[Gish and 


[Gish and 


Altitude, 


ion pairs /cm 3 /sec 


Sherman, 


Sherman, 


km 




Explorer II 


Explorer 11 








Madras, India, 


Omaha, Nebr., 


(1936)], 


(1936)], 




lat 3°N (mag) 


lat 51 °N (mag) 


ion pairs /cm 3 


sec 


Surface* 










Ocean 




2 


600 


300 


Country 




10 


800 


80 


City 




10 


100 


10 


3 


5 


7 


1,400 


220 


6 


10 


14 


2,800 


180 


9 


16 


33 


4,000 


120 


12 


20 


44 


4,600 


110 


15 


18 


43 


5,100 


110 


18 


11 


33 


4,400 


140 


21 


6 


22 


2,900 


140 


25 


3 


12 







* Author estimated values for middle latitudes. 



Table 5k-2. Characteristics of the Different Ionospheric 
Regions of the Upper Atmosphere* 







Particle density (per cm 3 ) '■ 


Ion production rate per 






Level of max 

ionization, 

km 








Region 


Electron max Ne 


Neutral 
particle 


cm 2 vertical column I; 

recombination coefficient 

a, cm 3 /sec 


„ _ Ne in sunspot max 
N e in sunspot min 














Midday 


Midnight 








D 


60(?) (for ions; no 
max for electrons) 


1.5X10* 




"8^# 




2.00 










E 


100 


1.5 X 10* 


1X10 4 


6X 10 12 


/ = 6 X 10 8 ; 
«= 1 X lO- 8 


1.50 


E a 


Thin strata within 
or slightly higher 
than the normal E 


Higher than E ioniza- 
tion 


6X 10 12 






Fi 


200 


2.5X105 


Absent 


1 X 10" 


7=1.8X10 9 ; 
a = 4 x 10-» 


1.56 


F 9 


300 


1.5 X 10« 


2.5 X IP 5 


2 X 10i° 


I = 1.5 X10 9 ; 

« = 8X lO"" (day); 

a = 3 X 10-i° (night) 


4.00 



♦From Mitra, "The Upper Atmosphere," 2d ed., Asiatic Society, Calcutta, 1949; see pp. 290-291 for references to the 
theories of the origin of the various ionospheric regions. 
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order of 10~ 4 cm /sec /volt /cm, and to a lesser extent, intermediate ions of one-tenth 
to one-hundredth the mobility of the small ion. Small ions consist of not more than 
a few molecules, whereas large ions are molecular aggregates with a diameter of the 
order of 10~ 6 cm. The density of the large ion at the surface of the earth varies from 
a few hundred per cubic centimeter over the oceans to tens of thousands per cubic 
centimeter in polluted city air. 

Table 5k-3. Representative Surface Mean Values of Air Conductivity, 

Electric Field, and Air-earth Current Density 

at Various Locations over the Earth 



Place 



Location 



Total 
conduc- 
tivity 
(esu) X 
104 



Positive/ 
negative 
conduc- 
tivity 



Electric 

field, 
volts/m 



Air- 
earth 
current 
density 
(esu) X 
10 7 



Ref. 



Potsdam 

Davos 

Petermann 

Seeham 

College-Fairbanks 

Kew 

Tucson 

Watheroo 

Ocean: 

Carnegie (1915-1921) 
Carnegie (1928-1929) 



52.4°N, 13.1°E 
46.8°N, 9.8°E 
65.2°S, 295. 8°E 
48.0°N, 346. 9°E 
64.9°N, 212. 2°E 
51.5°N, 359. 7°E 
32.15°N r 110. 5°E 
30.3°S, 115.9°E 



0.95 

2.68 

4.16 

2,64 

3.10 

0.35* 

4.29 

3.7 



3.0 
2.1 



1.16 
1.13 
1 . 62 
1.02 
1.29 



1.14 
1.19 



245 
64 

176 
84 

104 

363 
55 
82 



124 
132 



7.1 

5.2 

22,6 

6.9 

3.1* 

7.1 

10.- 



10.3 
10.4 



Swann (1947) 
Swann (1947) 
Swann (1947) 
Swann (1947) 
Sherman (1937) 
Scrase (1934) 
Wait (1953) 
Wait and 
Torreson (1941) 

Mauchly (1926) 
Torreson, Gish, 
Parkinson, and 
Wait (1946) 



* Positive component only. 



5k -2. Electric Field, Conductivity, and Air-earth Current. A 10 to 40 per cent 
diurnal variation is observed about the mean surface values of electric field, conduc- 
tivity, and air-earth current. The largest variations occur over land according to 
local time and are of complex origin (Table 5k-3). Over the oceans the variation 
of electric field and conduction current depends upon universal time while the con- 
ductivity shows little daily variation. Surface oceanic observations and observations 
aloft (Tables 5k-4 and 5k-5) are considered to be representative of the average over the 
earth as a whole. In undisturbed weather the electric field is negative and the air- 
earth conduction current is directed toward the earth; i.e., positive ions move toward 
and negative ions away from the earth. The conductivity of the atomosphere is due 
chiefly to the small ion. The intermediate and large ions contribute little because of, 
respectively, meager concentration and low mobility. The total fair-weather air-earth 
current is about 1,800 amp. This current must have a counterpart which returns a 
positive excess of electricity to the upper atmosphere. The surviving hypothesis is 
that this positive current passes upward through thunderstorm cells (Table 5k-6 and 
see Fig. 5k- 1 and Sec. 5k-4) to be distributed throughout the highly conductive upper 
atmosphere. The fair-weather air-earth current would neutralize 90 per cent of the 
bound charge on the earth's surface within 30 min in the absence of such a return 
current. 
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Table 5k-4. Variation op Positive Conductivity with Altitude 
in the Lower Atmosphere 





Mean value of 


positive conductivity (esu) X 10 4 


Altitude, 
km 


Gish and Sherman, 
Explorer II 


Gish and Wait 
(1950) 


Callahan, Coroniti, 
Parziale, and Patten 




(1936) 


(1951) 


1.5 


1.9 


2.2 


2.4 


3.0 


3.1 


2.8 


4.0 


6.0 


10.5 


8.8 


9.7 


9.0 


18.9 


17.8 


18.8 


12.0 


35.2 


29.2 




15.0 


53.5 






18.0 


75.5 






21.0 


70.0 







Table 5k-5. Variation of Electric Field with Altitude 
in the Lower Atmosphere 



Altitude, 
km 


Electric field, volts /m 


Schweidler, 
Germany (1929) 


Wigand, 
Germany (1925) 


Koenigsf eld, * 
Belgian Congo (1953) 


Surface 
0.5 
1.5 
2.5 
3.0 
4.4 
6.0 
6.5 
9.0 
12.0 
15.0 


130 
50 
30 

20 

10 

5 


136 

27 

18 
8.8 


20 

36 

64 

58 

27 

10 

10 

8 

8 

6 

6 



* Altitudes based upon U.S. Standard Atmosphere pressure-height conversion. 



Table 5k-6. Electric-field Intensity inside Natural Clouds (Gunn, 1948) 
Average vertical field within stable nonprecipitating 

clouds Small and < 10 volts /cm 

Average vertical field within stable precipitating clouds. . . <40 volts /cm 
Average max vertical field observed within nine different 

thunderclouds 1 , 300 volts /cm 

Max field observed (just prior to lightning strike to the 

observing aircraft) 3 , 400 volts /cm 
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TIME -MINUTES 
Fig. 5k-l. Characteristic surface electric field intensity variations observed near active 
thunderstorms, (a) Most common variation showing systematic induction of positive 
free charges on the earth's surface and their sudden destruction by lightning discharges; 
(6) less common type variation showing the induction of free charge of opposite polaritv 
{Gunn, 1954.) J ' 



5k-3. Precipitation Electricity 

Table 5k-7. Average Free Electrical Charge on Individual 

Precipitation Particles 

[(esu) X 10 3 ] 



Observer 



Gschwend (1920) 

Banerji and Lele (1932) 

Chalmers and Pasquill 

(1938) 
Gunn and Devin (1953) 

Gunn (1947, 1950) 



Alti- 
tude, 
ft 



Surface 
Surface 
Surface 
Surface 
5,000 
10,000 
15,000 
20,000 



Sign 

of 

charge 



+ 
+ 
+ 
+ 
+ 
+ 
+ 
+ 



Quiet 
rain 



0.24 
0.53 



2.2 
3.0 



Shower 
rain 



1.75 

5.43 

6.4 

6.7 

1.3 

2.3 



30 



34 
17 
36 
63 



Elec- 
trical 
storm 
rain 



8.11 

5.88 

6.9 

7.3 

3.7* 

9.2* 

22 

31 

81 

63 
148 
112 
123 

76 

52 

62 



Quiet 
snow- 
fall 



0.09 
0.06 



* Actual lightning activity doubtful. 



Squall 
snow- 
fall 



5.64 
4.78 



10.5 
5.7 
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6k-4. Lightning Discharge and Thunderstorm Characteristics. The lightning dis- 
charge represents the occurrence of electrical breakdown and the passage of a spark 
discharge between two charge centers (Table 5k-9). In each thundercloud a concen- 
tration of negative charge is found in the lower portion of the cloud at an average 
height of 3 to 4 km above the surface with a coocentration of positive charge at a 
higher altitude. A small positively charged region is often observed in the lowest 
limit of the cloud. Lightning discharges to ground occur between charged portions of 
the cloud and the induced charge on the earth. The average charge neutralized per 
strike is of the order of 20 coulombs while the median electric moment destroyed is 
about 110 coulomb-km (Wormell, 1952). Approximately 85 per cent of strokes to 
ground transfer negative charge to earth. Each strike is composed of one or more 
current peaks. 

Table 5k-8 gives, in all cases, data from the minimum and maximum curves obtained 
from the published data on lightning discharges. Each quantity listed represents 
that value which was excelled by 90, 50, and 10 per cent of the strokes. The maxi- 
mum observed value is given in the right-hand column. 

Table 5k-8. Characteristics of Lightning Strokes* 





% of strokes with values in excess 






of those shown below 




Item 




Max 




90% 


50% 


10% 




1. Current peaks measured in 


Min 


2.2 


6.0 


20.0 




stroke path, kiloamp 


Max 


5.0 


8.6 


27.5 


160 


2. Current amplitudes in steel 


Min 


1.0 


8.8 


28.4 




towers, kiloamp 


Max 


5.3 


12.2 


35.8 


130 


3. Stroke currents computed 


Min 


2.4 


13.3 


50.0 




from item 2, kiloamp 


Max 


10.3 


40.0 


101.0 


220 


4. Charges in current peaks, 


Min 










coulombs 


Max 


0.04 


0.23 


1.03 


5.6 


5. Total stroke charges, cou- 


Min 


2.3 


10.4 


86.0 




lombs 


Max 


4.2 


22.2 


100.0 


165 


6. Total stroke duration, sec- 


Min 




0.0006 


0.2 




onds 


Max 


0.1 


0.37 


0.68 


1.6 


7. No. of current peaks per 


Min 


1.0 


1.8 


4.0 




stroke 


Max 


1.3 


3.0 


11.0 


42 


*J. H. Hagenguth, "Comp. of Meteorol 


ogy," Malone, ed., American Meteorolog 


ical Society, 


Boston, 1951. 













Table 5k-9. Electrical Characteristics of Thunderstorms 

Potential existing between centers of thunderstorm charge dis- 
tributions prior to discharge 5 X 10 7 to 10 9 volts 

Energy released per average lightning discharge 10 9 to 10 10 joules 

Rate of energy dissipation from the average thunderstorm Approx 10 6 kw 
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TERRESTRIAL ELECTRICITY 

«.Si- ^ ° Um T S ' ^ eCtriC CUrlentS * the earth COnskt of telluric currents, 
natural local currents, and currents derived from industrial sources. They are 

in the etrth ^^^^ ° f the P otential difference between two electrodes embedded 
Telluric currents flow in fairly uniform sheets over large areas; their exact cause 

with !™ ; 7 1C CUrrentS Change continuall y ™ magnitude and direction 

with component periods varying from less than a second to many days. Qualita- 
tively, these variations are related to the corresponding variations in the geomagnetic 
* -n .! Prm °T a , Vanatlon is da "y and ha « a maximum amplitude of a few tens 
o mflhvolts per kilometer Disturbances, such as those due to magnetic storms, 
display amplitudes as much as 30 times the normal in middle latitudes and 150 times 
normal in high latitudes. Extremely large earth currents flow during thunderstorms 
but are more random and more localized than normal telluric currents 

Steady local currents, of much larger magnitude than telluric currents, are pro- 
duced by strong chemcal reactions in the earth. For example, oxidation of that 
fvTi m ^ d * WB * ^ above the water t a We, in contrast to the inactive part 
ymg below the water table, causes current to flow along the surface of the earth 
toward the zone of oxidation. Potential differences above 500 mv in 100 ft have 
been observed. The same type of differential chemical reaction in the corrosion of 
buried pipes causes the flow of currents which may be used to detect the centers of 
corrosion. 

Artificial direct currents of large but variable magnitude are caused by the ground 

m^?- 1 u •f U J 0ad8 ' et °- *"*"**>* ou ™mte of comparatively low and 

unpredictable magnitude are associated with power lines; frequencies of 60 eps, and 
its odd harmonics, predominate. 
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For extensive discussions concerning the details of earth currents, and how they 
may be measured, the reader should consult the literature. 1 

5k-6. Resistivity of the Earth. The generalized representation of the resistivity 
of earth materials (Fig. 5k-2) can be useful only if one considers the many factors 
which cause so much variation in the resistivity reported for a given rock type. The 
principal mechanism of conduction in rocks is electrolytic and, therefore, the resistivity 
of a given rock is dependent upon the amount of water which the rock contains as 
well as the resistivity of that water. The amount of water contained in the rock is 



RESISTIVITY IN OHM- METERS 



WATER 

DISTILLED 
LAKES AND RIVERS 
SEA 
UNCONSOLIDATED 
SEDIMENTS 
CLAY* 
GRAVEL 
LOAM SOIL 
MORAINE 
SAND (SURFACE) 
SAND (BURIED) * 
SEDIMENTARY ROCKS 
ANHYDRITE* 
COAL* 

CONGLOMERATE . 

LIMESTONE (DENSE); 
LIMESTONE (POROUS) 
SALT (ROCK)* 
SANDSTONE* 

SHALE (HARD)* 

SHALE (SOFT)* 
IGNEOUS ROCKS 

BASALT 

GABBRO 

GRANITE 

LAVA 

RHYOLITE 
METAMORPHIC ROCKS 

GNEISS 

MARBLE 

QUARTZITE 

SCHIST 

SLATE 




Fig. 5k-2. Resistivities of earth materials. 



dependent upon two factors; the porosity of the rock, which is why the dense igneous 
rocks are usually more resistant than the sediments: and the availability of water to 
fill the pores, which explains why the near surface resistivities follow the meteorological 
conditions closely, rising in times of prolonged dry weather and decreasing after a 
soaking rain. The resistivity of the included water depends on the quantity of dis- 
solved salts which have been gained either because the water has long been in contact 
with a rock normally thought to be insoluble or because the original rock minerals 
have been weathered into more soluble minerals. In drill holes, where the temper- 
ature increases with depth, it is important to note that the resistivity of a given rock 
decreases as the temperature increases. A further temperature effect lies in actual 

i Sydney Chapman and Julius Bartels, "Geomagnetism," vol 1, V?' 41 ^^^ 
TfniVprsitv Press New York, 1940; "Terrestrial Magnetism and Electricity, pp. 270-307, 
M^^Hm^k^mpair, Inc., New York, 1939, pt. VIII of a series, "Physics of 
the Earth." 
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freezing of the enclosed water which causes the rock resistivity to increase almost 
infinitely. Earth materials are usually electrically anisotropic; the resistivity in a 
direction perpendicular to the bedding planes is appreciably greater than that in a 
direction parallel to the bedding planes. 

In Fig. 5k-2, the values indicated with an asterisk are based on electrical resistivity 
logs made in drill holes. 1 Other data are largely based on laboratory and in situ 
measurements at the surface. 2 For a more detailed breakdown of rock types, etc., 
these references should be consulted. Either of the two textbooks gives an adequate 
description of how earth resistivities are measured in the field. 

TERRESTRIAL MAGNETISM 

5k-7. Scope and Nomenclature. Terrestrial magnetism, or geomagnetism, is con- 
cerned with the patterns and changes of the earth's magnetic field and with the 
physical entities that govern them. 

The geomagnetic field vector F at any site is made up of the orthogonal components 
X (true north), Y (east), and Z (downward). The horizontal component of F (the 
resultant of X and Y) is H> The attitude of F is specified by its angle of dip or inclina- 
tion I and by the magnetic declination D— the angle between H and true north. The 
angles / and D are given signs to conform, respectively, with Z and Y. These seven 
magnetic elements are connected by simple formulas, as are their small changes. 

For evaluating the magnitudes F, H } X, Y, and Z, usage favors the gamma (7), 
regarded interchangeably as a unit of induction or of magnetic intensity. 3 The 
methods of observation of the magnetic elements at different times and places are 
treated at length in the older literature. A few selected references are given. 4 

5k-a Characteristics of the Main Field. For a general view of the geomagnetic 
field, Gauss devised the method of potential analysis in terms of spherical harmonics. 
The chief accuracy limitation arises from the scantiness of data for the polar and 
oceanic areas. The latest analysis 6 is one of the best available in this regard, but 
further strengthening may be expected as air-borne surveys encroach on the large 
remaining gaps. 

All the analyses affirm that the field is in large part that of a centered dipole, a 
field pattern described by well-known functions and corresponding to the first-order 
terms of the harmonic expansion. The dipole axis (the earth's magnetic axis) is 
inclined about 11.5 deg to the axis of rotation; it reaches from a point in Smith Sound 
(longitude 69°W) to the antipodal point in the Antarctic. These points are called 
the geomagnetic poles. Geomagnetic latitude and the geomagnetic equator bear to 
them the same relation that the geographic latitude and equator bear to the geo- 

1 Hubert Guyod, "Electrical Well Logging Fundamentals," Well Instrument Develop- 
ment Company, Houston, Tex. 

\aln £ ^SfV' ''Exploration Geophysics," pp. 437-442, Trija Publishing Company, 
v \J V^TT j «£ £ e °P h y sical Exploration," pp. 656-667, Prentice-Hall, Inc., New 
York, 1940; and Handbook of Physical Constants," pp. 304-319, Geological Society of 
America, Special Paper 36, Jan. 31, 1942. 

3 As induction, 1 gauss = 10*y, and 1 mks unit = 10«y. As magnetic intensity, 
1 oersted = 10*y and 1 mks unit = IOO7 (unrationalized) or 4*r X 100r (rationalized) 

Or. Angenheister, Instrumente und Messmethoden, chap. 1 of Das Magnetfeld der Erde 
Inoo^n t S ' Handbuch der Experimentalphysik, " vol. 25, pt. 1, pp. 527-585, Leipzig' 
1928; D. L. Hazard, Directions for Magnetic Measurements, U.S. Coast and Geodetic 
Survey Serial 166, 135 pp., Washington, D.C., 1930; E. Mascart, "Traite de magnetisme 
terrestre 441 pp. Paris, 1900; H. E. McComb, Magnetic Observatory Manual, U.S. 
Coast and Geodetic Survey Special Publ. 283, 240 pp., Washington, 1952; E. O. Schonstedt 
U^nion 36 25-4^95^ t ° T Airb ° rne Mwetometer T yP e 2 A, Trans. Am. Geophys. 

T.- 5 i?", Spe £ Cer , Jones and P ' J * Melott e» The Harmonic Analysis of the Earth's Magnetic 
™. for E *> och 1942 ' Monthly Notices Roy, Astron. Soc., Geophys. Suppl. B § 409-430 
(1953). 
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graphic poles. The earth's magnetic moment is at present 8.1 X 10 25 cgs electro- 
magnetic units, and F ranges from about 30,000y in the tropics to about 60,0007 in 
high latitudes. 

However, when the actual field is compared with the centered-dipole field, there 
remain undoubted and serious disparities, which fall into two categories — regional 
and local. The regional departures, reflected in the higher-order terms of the analyses^ 
are largely if not entirely capable of being described in terms of a distribution of 
additional dipoles embedded in a spherical boundary lying midway between the 
earth's center and its surface, all these dipoles being radially directed. 1 The local 
anomalies are on so small a scale geographically as to defy the practicable "resolving 
power" of the Gaussian treatment. They are ascribed to magnetic variegation of 
the relatively cool earth's crust, especially the deep-lying basement rocks. While 
their presence seriously impedes the determination of the regional patterns, the 
development of their fine structure constitutes an important phase of geophysical 
exploration for mineral wealth. The overlying sedimentary formations, being 
virtually nonmagnetic, serve to keep the observer at a distance from the chief sources 
of anomaly, and the intensity and scale of the surface magnetic patterns may reveal 
those localities where the basement rocks approach most closely to the surface. 

Though the dipole approximation has its value, as in calculating the field at a 
distance from the earth, it is grossly inadequate for most purposes, owing to the 
disparities mentioned. To show the actual field, maps are overprinted with isopleths 
for the several magnetic elements, namely, isogonic lines for D, isoclinic lines for J, 
and isodynamic lines for the intensity elements. The isomagnetic patterns are 
governed to some extent by requirements arising from potential theory 2 but must be 
derived primarily from observed data. As commonly used to show the general 
patterns over large regions, the lines invariably have much or all of the local detail 
suppressed in their construction. Though placing some dependence on the proficiency 
of the cartographer, such treatment is a practical necessity, since widespread magnetic 
surveys cannot be conducted in the degree of detail that would be needed for full 
local development. Current world magnetic charts and the larger-scale series for 
the United States are listed in the references. 

Table 5k-10. Positions of the Magnetic Dip Poles and of the F Foci 





Northern 


Southern 




Lat 


Long 


Lat 


Long 


Dip pole. 


74°N 
73°N 


101 °W 
124°E 


68°S 
61°S 


144°E 


Primary focus of F . ....... . 


171°E 







When such charts are studied as to the effects of the regional anomalies, it is found 
that: (1) the magnetic equator, or line of zero dip, does not coincide with the geo- 
magnetic equator mentioned above but has segments lying both to the north and 
to the south of it; (2) the compass does not, in general, point to any pole — i.e., if 
azimuth lines are constructed from various localities in accordance with the values 
of D, such lines do not converge at a point; (3) the two magnetic dip poles, where H 
vanishes, do not coincide with the geomagnetic poles and are not directly opposite 

1 A. G. McNish, Physical Representations of the Geomagnetic Field, Trans. Am. 
Geophys. Union 21, 287-291 (1940). 

2 S. Chapman, Notes on Isomagnetic Charts, /. Geophys. Research 45, 433-450; 46, 7-26, 
163-172; 47, 1-13, 115-146 (1940-1942). 
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one another; and (4) the foci of maximum F are even farther removed from the 
geomagnetic poles. When reference is made to the magnetic poles of the earth, this 
nearly always means the dip poles. The positions of the magnetic dip poles and of 
the F foci, as shown on current charts, are given in Table 5k-10. 

5k-9. Secular Change. The magnetic elements are subject to gradual change 
from year to year. The changes for a stated interval such as a year may be depicted 
on a chart by means of isoporic lines. The patterns so formed depend on the element 
chosen, but in general their predominant aspect is one of regional foci of most rapid 
change of both signs, dispersed irregularly over the globe, and sometimes representing 
rates of change as great as IOO7 per year at their centers. These foci have a life 
expectancy measured in decades, and during their lifetime they show a distinct but 
slow westward drift. 1 

Several investigators have sought to develop some worldwide systematic component 
of secular change. Thus Macht 2 fitted to the earth's field a combination of a paraxial 
and a transverse dipole, finding that the transverse one is displaced considerably 
from the axis and that it undergoes a translatory westward drift. 

5k-10. Origin of the Field. The distribution of / suggests that the field is mainly 
of internal origin. A dipole field pattern might arise, for example, from a uniform 
distribution of magnetization lying parallel to a diameter, and completely filling the 
globe or any centrally enclosed sphere; or from a suitably disposed flow of internal 
electric current. The old notion that the earth was simply magnetized like a mass 
of magnetite failed to explain how the polarization could alter so as to account for 
the secular change, or how it might have arisen in the first place. And there is now 
ample evidence that the earth's interior is far too hot to have any permanent 
magnetization. 

A suggestion that drew much attention in recent years held the development of 
magnetic moment to be a fundamental attribute of all massive rotating bodies, the 
magnitude being so small as to elude detection on a laboratory scale. This hypothesis 
says nothing of the substantial transverse component of the earth's magnetic moment, 
or of the secular change, and it has failed to meet certain tests involving measure- 
ments in deep mines. 

The concepts now given most credence ascribe the observed field, with its regional 
anomalies and its secular change as well, to magnetohydrodynamic action assigned 
to a metallic, fluid sphere comprising the earth's core. Objections thought for a 
time to rule out self-exciting dynamo action in such a sphere have been met, and 
some progress has been made in exploring possible sources of the needed energy of 
maintenance, but no complete theory has as yet been formulated. 3 

6k-ll. Transient Phenomena. Another segment of geomagnetism deals with 
small, rapid changes and has advanced chiefly through the operation of magnetic 
observatories, of which there are now about 90. 

The action known as the geomagnetic tide, a complex system of motions in the 
ionosphere, involves changes in temperature and ionization in response to the variable 
access of solar energy, along with gravitational forces imposed by the sun and moon. 
The movement of conducting material across Z generates (probably in the E layer) 
electric currents that produce daily variations of all the elements, of the order of 
IO7 to 40? in most latitudes. These fluctuations vary markedly from day to day in 

1 E. C. Bullard, C. Freedman, H. Gellman, and J. Nixon, The Westward Drift of the 
Earth's Magnetic Field, Phil. Trans. Roy. Soc. (London), ser. A, 243, 67-92 (1950). 

2 H. Gv Macht, The Representation of the Main Geomagnetic Field and of Its Secular 
Variation by Means of Two Eccentric Dipoles, Trans. Am. Geophys. Union 32, 555-562 
(1951). 

3 W. M. Elsasser, Hydromagnetism : a Review, Amer. J. Phys. 23, 590-608 (1955) and 24, 
85-110 (1956). 
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their amplitude and in their detailed configuration; but for ordinary ("quiet") days 
they present in long-term averages a clear-cut pattern depending on season and on 
the phase of the solar cycle. The study of such curves for various localities discloses 
the main features of the governing worldwide current system. 

Several kinds of irregularities mark the traces recorded at magnetic observatories. 
A well-defined, rounded excursion of 50? or so from an otherwise smooth course, 
completed in perhaps an hour, is termed a magnetic bay. With magnified scales it is 
found that fine-scale background activity of the order of I7 is common, with charac- 
teristic frequencies predominating (depending on time of day). Near-sinusoidal 
trains of waves with a period of 20 to 30 sec may occur, suggesting some sort of 
resonance phenomenon. 1 Perturbations having a broad frequency spectrum are 
more often seen at the ordinary scale of recording. The incidence of these latter, as 
well as their severity, is loosely related to that of solar activity as reflected in the 
sunspot numbers. When a particularly severe solar disturbance is acting, the result 
may be what is termed a magnetic storm, lasting from several hours to a few days, 
with departures of possibly 5OO7 or more. Such disturbances are worldwide, and 
they may have a sudden commencement (SC), with a characteristic abrupt rise in H 
usually accompanied by an increase in activity, and followed by a progressive decrease 
in H in the first hour or so to abnormally low values. 

Another recognized category of disturbance is the crochet, a sort of abbreviated 
magnetic bay, often associated with a solar flare (chromospheric eruption) and then 
called a solar-flare effect (SFE). 2 

Magnetic activity is reported in terms of the K index, a gauge of the deviations 
registered in successive 3-hr intervals from an assumed -"normal" curve. Some 
progress has been made in working out techniques of forecasting magnetic activity. 
An important element is the 27-day recurrence tendency, a sort of quasi-periodicity 
that is probably connected with the longevity of the solar-disturbance centers in 
terms of solar rotation. 
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STELLAR AND GALACTIC MAGNETISM 

5k-12. Galactic Magnetism. Light from distant stars in our galaxy is appreciably 
polarized, 1 which has been interpreted as due to scattering from needle-shaped 
ferromagnetic dust particles oriented by a general magnetic field pervading the 
galaxy. 2 The lines of force are thought to follow, approximately, the spiral arms 
of the galaxy, and to deviate from mutual parallelism in the vicinity of the earth by 
about 10 deg due to the turbulence of the interstellar material. The fluctuations 
of these magnetic lines of force have been shown by Fermi, Chandrasekhar, and others 
to be a possible mechanism for the production of cosmic radiation. 3 The field 
intensity is estimated to be about 6 X 10~ 6 gauss. 4 

Table 5k-ll. The General Magnetic Field of the Sun 



Investigator 


Field intensity at 
north pole a 


Year of 
measure- 
ments 


Remarks 


Hale, Lancer 6 


— 4 gauss 

+3.6 ± 1.7 

-2.0 ± 2.8 

<l-2 

+ 1.5 ±3.5 

+ 1.5 + 0.75 

+2.4 ± 0.5 

<1 gauss 

+2-4 gauss at ±70° 


1912-1932 

1933-1934 
1948-1949 
1949-1950 
1947-1948 

1949 

1951 

1951 

1952 


Reanalysis in 1935 of 
early data 
±45° 
Visual 

±45°, photographic 
±45° photoelectric 

Full disk, photoelectric 
Photoelectric, recording 
full disk 


Nicholson, Ellerman, 

and Hickox c 
von Kluber d 


Thiessen* 


Kiepenheuer' 


H. D. and H. W. 
Babcock^ 



° Polarity definition : magnetic vector toward observer is + . Note Thiessen used contrary definition. 

b G. E. Hale, Nature 136, 703 (1935). 

e Ann. Rept. Mt. Wilson Obs., C. I. W. Yearbook, 1934, p. 138; 1949, p. 12. 

* H. von Kluber, Monthly Notices Roy. Astron. Soc. Ill, 2 (1951); 114, 242 (1954). 

« G. Thiessen, Z. Astrophys. 26, 16 (1949); 30, 185 (1952); Nature 169, 147 (1952); Ann. astrophys. 9, 
101 (1946). 

/ K. O. Kiepenheuer, Astrophys. J. 117, 447 (1953). 

« H. W. Babcock, Astrophys. J. 118, 387 (1953); 119, 687 (1954); H. W. Babcock and H. D. Babcock, 
Publ. Astron. Soc. Pacific 64, 282 (1952). 

5k-13. General Magnetic Field of the Sun. The Zeeman effect affords the only 
direct means for measuring the intensities of astronomical magnetic fields. It has 
been used to study the magnetic fields of variable stars and sunspots, and to search 
for a general dipole field of the sun. The techniques and results of the general solar 
field have been reviewed by H. W. Babcock and T. G. Cowling. 5 Table 5k-ll sum- 

1 W. A. Hiltner and J. Hall, Astrophys. J. 114, 241 (1951). 

2 L. Spitzer and J. W. Tukey, Astrophys. J. 114, 187 (1951). 

3 E. Fermi, Astrophys. J. 119, 1 (1954). 

4 S. Chandrasekhar and E. Fermi, Astrophys. J. 118, 113 (1953). 

6 H. W. Babcock and T. G. Cowling, Monthly Notices Roy. Astron. Soc. 113, 357 (1953). 
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Table 5k-12. Polar Magnetic Field Strengths H p of 35 Stars* 



Star 



HD2453 

HD4174 

HD8441 

HD 10783.... 

HR710...... 

HR 1105..... 

36Eri 

n Lep ........ 

WYGem 

HD 42616... . 
HD 49976.... 
HD 60414, 5 . 
HD 71866.... 
3Hya........ 

49 Cnc 

45 Leo. ...... 

17 Com A.... 
a 2 C Vn 

78Vir 

HD 125248... 

fi Lib A 

HD 133029... 

0Cr B 

52 Her 

HD 153882... 

HD 173650... 

10 Aql 

21 Aql 

HD 188041.. 

HD 192913.. 

73 Dra 

y Equ 

AG Peg 

VV Cep . .".... 

HD 224801 . . 



Mag. 



6.7 
5.6 
5.6 
5.9 
5.4 
2.9 
4.9 
5.7 
5.4 



5.9 

5.1 

5.6 

6.7 

5.2 

4.8 

7.6 

5v 

6.2 



Type 



Aop 

M2ep 

Aop 

A3p 

A2p 

S 

Aop 

Aop 

M3ep 

Aop 

Aop 

M3ep 

Aop 

A2p 

A4p 

Ao 

Aop 

Aop 

A2p 

Aop 

A4p 

Aop 

Fop 

A2p 

Aop 

Aop 

A3p 

B8 

Fop 

Aop 

A2p 

Fop 

Bep 

M2e 

Aop 



No. 

plates 
meas. 



1 

4 

1 

7 
11 

1 

1 

2 

1 

3 

1 

1 

1 

7 

5 

3 

3 
21 
13 
29 

2 

45 

12 

1 

20 

2 

2 

4 

41 
1 
5 
9 
5 
2 
1 



H Pf gauss, 
extremes 



-3,900 

-2,500 
-2,970 



-1,600 



-1,520 

4-3,500, 

+ 1,300, 

+5,000, 

-1,070, 

+ 1,470 

+ 1,360 

+620 

+ 1,800 

+2,250, -2,770 

+3,400 

-2,200 

-4,000 

+2,440 

+4,000, -600 

+ 1,000, -250 

-1,600, -3,800 

+5,000, -4,000 

-500, -3,350 

+7,000, -6,000 
-1,600,-3,900 
+4,300, +10,500 
+2,670, -900 , 
+2,780 

+4,500, -4,000 
+ 1,600, -1,300 
+900, +460 
+500, -1,900 
+ 1,240, +4,750 
-1,730 

-1,200, -2,300 
+760, +2,750 
^1,400, -4,000 
+2,000, -1,200 
+7,500 



Probable 
error 



±300 
±600 
±500 

±250 
±210 
±700 
±250 
±500 
±600 
±800 

±400 
±350 
±400 



±200 

±400 

±150 
±300 

±350 
±120 
±500 
±150 



±110 

±300 
±1,400 



Remarks 



Hp varies 



Sp. var. 
Sp. var. 
Sp. var. 
Sp. var. 
Sp. var. 
Sp. var. 

~1.5<* 



p = 6 d .005 



P = 226<* 



3. var. 



* Taken from Table I of H. W. Babcock and T. G. Cowling, Monthly Notices Roy. Astron. Soc. 118, 
357 (1953). 

marizes the principal results. H. W. and H. D. Babcock now make daily records of 
the details of the solar field mapped over the whole disk, measured to a stated pre- 
cision of 1 gauss. The longitudinal Zeeman effect due to a pure dipole field would 
be a maximum at ±45° solar latitude. The measurements of Thiessen and of 
von Kluber (see Table 5k-ll) were made at this latitude. Thus the distorted general 
field of 2 to 4 gauss at latitudes > ±65° found by the Babcocks would presumably not 
have been detected by Thiessen or von Kluber. Kiepenheuer examined the full disk 
with negative results. The polarity of the field found by the Babcocks is opposite 
to the polarity of the earth and of the sunspots in cycle (No. 18) approaching a 
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minimum in 1955. It is also opposite to the field found by Hale. It is possible 
that the solar field is not constant and that the sun may be thought of as a weak 
magnetic variable star. 

5k-14. Sunspot Fields. Sunspots 1 vary greatly in both size and magnetic-field 
strength, although size and field are closely related. Sunspot areas are measured in 
units of one-millionth of a solar hemisphere and have been observed as large as 
5,400 millionths (Feb. 6, 1946) and as small as one-millionth (specks). The corre- 
sponding magnetic-field strengths vary from about 3,700 to about 100 gauss. An 
individual spot has a dark central region (umbra) and a brighter filamentary region 
(penumbra) surrounding it. The field strength of the spot is found to vary radially 
according to the empirical formula of Broxon: 2 H = H m (l — r 2 /6 2 ), where H m is the 
maximum field strength, and b is the outer radius of the penumbra. Sunspots are 
normally found in groups extended in the direction of solar rotation in two low- 
latitude zones on either side of the solar equator. Each group contains leader and 
follower spots of opposite magnetic polarity. The abundance of spots follows the 
11-year sunspot cycle. Slightly in advance of sunspot minimum the new spots of 
the coming cycle appear near 30° latitude, gradually decreasing to about 8° during 
the cycle. In the present cycle (No. 18, beginning in 1944) the leading spots in the 
northern solar hemisphere are south poles, the following spots north. The polarity 
of the spots in the southern hemisphere is reversed. In the next sunspot cycle, all 
these polarities will be reversed: i.e., the leading northern hemisphere spots will be 
north poles, etc. Thus the "magnetic sunspot cycle" has a 22-year period. 3 

5k-15. Stellar Magnetic Fields. Many stars have strong magnetic fields easily 
detected with the Zeeman technique. Since only the integrated light from one 
hemisphere of the star can be measured, only those stars with general nonmultipolar 
fields which are oriented with the magnetic axis inclined toward the line of observation 
will show a strong Zeeman shift. To date observations are restricted to stars brighter 
than magnitude 7.6. Variable magnetic fields of 650 to 10,500 gauss maximum 
intensity have been measured in stars of a wide variety of spectral types. Among the 
most interesting are the spectrum variables, in which the magnetic oscillations are of 
greatest amplitude and are in fixed phase relationship with the spectral variations. 
The data of Table 5k-12 are taken from Babcock and Cowling's review, General 
Magnetic Fields in the Sun and Stars. 4 Theories of stellar magnetism are reviewed 
in Part II of their review. 

1 E. Pettit, "The Sun and Stellar Radiation," in J. A. Hynek, "Astrophysics, A Topical 
Symposium," McGraw-Hill Book Company, Inc., New York, 1951; W. Grotrian, Z. angew. 
Phys. 2, 376 (1950). 

2 J. W. Broxon, Phys. Rev. 62, 508 (1942). 

3 G. E. Hale and S. B. Nicholson, Astrophys. J, 62, 270 (1925). 

4 H. W. Babcock and T. G. Cowling, Monthly Notices Roy. Astron. Soc. 113, 357 (1953). 
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6a. Fundamental Definitions, Standards, 
and Photometric Units 1 



6a-l. Fundamental Definitions 

Absorption Factor. The ratio of the intensity loss by absorption to the total 
original intensity of radiation. If I Q represents the original intensity, I r the intensity 
of reflected radiation, I t the intensity of the transmitted radiation, the absorption 
factor is given by the expression 

Io- (Ir+It) 
Io 

Also called coefficient of absorption. 

Absorption, Lambert's Law. If I is the original intensity, I the intensity after 
passing through a thickness # of a material whose absorption coefficient is a, 

I = i>~«* 

The extinction coefficient k is given by the relation n = (47r/cn)/X where n is the 
index of refraction and X the wavelength in vacuo. The mass absorption is given by 
k/d when d is the density. The transmission factor is given by ///<,. 

Absorption Spectrum. The spectrum obtained by the examination of light from 
a source, itself giving a continuous spectrum, after this light has passed through an 
absorbing medium in the gaseous state. The absorption spectrum will consist of 
dark lines or bands, being the reverse of the emission spectrum of the absorbing 
substance. 

When the absorbing medium is in the solid or liquid state the spectrum of the 
transmitted light shows broad dark regions which are not resolvable into lines and 
have no sharp or distinct edges. 

Absorptive Power or Absorptivity. For any body, this is measured by the fraction 
of the radiant energy falling upon the body which is absorbed or transformed into 
heat. This ratio varies with the character of the surface and the wavelength of the 
incident energy. It is the ratio of the radiation absorbed by any substance to that 
absorbed under the same conditions by a black body. 

Achromatic. A term applied to lenses signifying their more or less complete 
correction for chromatic aberration. 

Angular Aperture. The largest angular extent of wave surface which an objective 
can transmit. 

Apochromat. A term applied to photographic and microscope objectives indi- 
cating the highest degree of color correction. 

Astigmatism. An error of spherical lenses peculiar to the formation of images by 
oblique pencils. The image of a point when astigmatism is present will consist of 
two focal lines at right angles to each other and separated by a measurable distance 

1 Definitions, standards, and units presented in this section follow for the most part 
the wording used in the "Handbook of Chemistry and Physics," 36th ed., pp. 2480, 2787- 
2841, 2880-2881, Chemical Rubber Publishing Company, 1954-1955. 
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along the axis of the pencil. The error is not eliminated by reduction of aperture 
as is spherical aberration. 

Balmer Series of Spectral Lines. The wavelengths of a series of lines in the spectrum 
of hydrogen are given in Angstroms by the equation 

N 2 
X = 3,646 - 



N 2 - 4 

where N is an integer having values greater than 2. 

Beer's Law (1852). If two solutions of the same salt are made in the same solvent, 
one of which is, say, twice the concentration of the other, the absorption due to a 
given thickness of the first solution should be equal to that of twice the thickness of 
the second. 

Black Body. If, for all values of the wavelength of the incident radiant energy, 
all the energy is absorbed the body is called a black body. 

Brewster* s Law. The tangent of the polarizing angle for a substance is equal to 
the index of refraction. The polarizing angle is that angle of incidence for which the 
reflected polarized ray is at right angles to the refracted ray. If n is the index of 
refraction and the polarizing angle, n = tan 0. 

Brightness. Measured by the flux emitted per unit emissive area as projected 
on a plane normal to the line of sight. The unit of brightness is that of a perfectly 
diffusing surface giving out one lumen per square centimeter of projected surface 
and is called the Lambert. The milli-Lambert (0.001 Lambert) is a more convenient 
unit. Candle per square centimeter is the brightness of a surface which has, in the 
direction considered, a luminous intensity of one candle per cm 2 . The international 
candle is a unit of luminous intensity, based on a group of 45 carbon-filament lamps 
preserved at the National Bureau of Standards. The new candle is ^ the intensity 
of one square centimeter of a black-body radiator at the solidification temperature 
of platinum (2042°K). 

Chemiluminescence. Emission of light during a chemical reaction. 

Christiansen Effect. When finely powdered substances, such as glass or quartz, 
are immersed in a liquid of the same index of refraction complete transparency can 
be obtained only for monochromatic light. If white light is employed, the trans- 
mitted color corresponds to the particular wavelength for which the two substances, 
solid and liquid, have exactly the same index of refraction. Because of differences in 
dispersion the indices of refraction will match for only a narrow band of the spectrum. 

Chromatic Aberration. Because of the difference in the index of refraction for 
different wavelengths, light of various wavelengths from the same source cannot be 
focused at a point by a simple lens. This is called chromatic aberration. 

Coma. An aberration of spherical lenses, occurring in the case of oblique incidence, 
when the bundle of rays forming the image is unsymmetrical. The image of a point 
is comet-shaped, hence the name. 

Conjugate Foci. Under proper conditions light divergent from a point on or near 
the axis of a lens or spherical mirror is focused at another point. The point of con- 
vergence and the position of the source are interchangeable and are called Conjugate 
foci. 

Diffraction. If the light source were a point, the shadow of any object would 
have its maximum sharpness; a certain amount of illumination, however, would be 
found within the geometrical shadow because of the diffraction of the light at the 
edge of the object. 

Diffraction Grating. If s is the distance between the rulings, d the angle of diffrac- 
tion, then the wavelength where the angle of incidence is 90 deg is (for the nth order 
spectrum), 

X = g sm ^ 
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Dispersion. The difference between the index of refraction of any substance for 
any two wavelengths is a measure of the dispersion for these wavelengths, called the 
coefficient of dispersion. 

Dispersive Power. If n Y and n 2 are the indices of refraction for wavelengths Xi and 

X 2 and n the mean index or that for sodium light, the dispersive power for the specified 

wavelength is 

ft2 — Wl 

<a — =- 

n — 1 

Doppler Effect {Light). The apparent change in the wavelength of light produced 
by the motion in the line of sight of either the observer or the source of light. 

If i is the angle of incidence, d the angle of diffraction, s the distance between the 
rulings, n the order of the spectrum, the wavelength is 

X = — (sin i + sin d) 
n 

Emissive Power, or Emissivity. This is measured by the energy radiated from unit 
area of a surface in unit time for unit difference of temperature between the surface 
in question and surrounding bodies. For the cgs system the emissive power is given 
in ergs per second per square centimeter with the radiating surface at 1°K and the 
surroundings at absolute zero. See Radiation Formula. 

Faraday Effect. The rotation of the plane of polarization produced when plane- 
polarized light is passed through a substance in a magnetic field, the light traveling 
in a direction parallel to the lines of force. For a given substance, the rotation is 
proportional to the thickness traversed by the light and to the magnetic-field strength. 

FermaVs Principle of Least Time. The path chosen by a ray joining two points 
is that which can be traveled over in the least possible time. 

Fraunhofer's Lines. When sunlight is examined through a spectroscope it is found 
that the spectrum is traversed by an enormous number of dark lines parallel to the 
length of the slit. These dark lines are known as Fraunhofer's lines. Kirchhoff 
conceived the idea that the sun is surrounded by layers of vapors which act as filters 
of the white light arising from incandescent solids within and which abstract those 
rays which correspond in their periods of vibration to those of the components of the 
vapors. Thus reversed or dark lines are obtained because of the absorption by the 
vapor envelope, in place of the bright lines found in the emission spectrum. 

Huygens' Theory of Light. This theory states that light is a disturbance traveling 
through some medium, such as the ether. Thus light is due to wave motion in ether. 

Every vibrating point on the wavefront is regarded as the center of a new dis- 
turbance These secondary disturbances, traveling with equal velocity, are enveloped 
by a surface identical in its properties with the surface from which the secondary 
disturbances start and this surface forms the new wavefront. 

Illumination. On any surface, illumination is measured by the luminous flux 
incident on unit area. The units in use are: the lux, one lumen per square meter; 
the phot, one lumen per square centimeter and the lumen per square foot. Since at 
unit distance from a point source of unit intensity the illumination is unity, unit 
illumination may be defined as that produced by a unit source at unit distance, 
hence the meter-candle or candle-meter which is equal to the lux and the foot-candle 
equivalent to one lumen per square foot. 

Index of Refraction. For any substance this is the ratio of the velocity of light 
in a vacuum to its velocity in the substance. It is also the ratio of the sine of the 
angle of incidence to the sine of the angle of refraction. In general, the index of 
refraction for any substance varies with the wavelength of the refracted light. 
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Intensity of Illumination. In candle-meters of a screen illuminated by a source 
of illuminating power P candles at a distance r meters, for normal incidence, intensity 
of illumination is 

'-5 

If two sources of illuminating power Pi and P 2 produce equal illumination on a 
screen when at distances ri and r 2 , respectively, 

Pi ^ P2 Pi _ r£ 

n* r 2 2 or p 2 - r 2 2 

If I is the intensity of illumination when the screen is normal to the incident light 
and / the intensity when an angle 

I = lo cos 

Intensity of Radiation. The radiant energy emitted in a specified direction per 
unit time, per unit area of surface, per unit solid angle. 

Kirchhoff's Laws of Radiation. The relation between the powers of emission and 
the powers of absorption for rays of the same wavelength is constant for all bodies 
at the same temperature. First, a substance when excited by some means or other 
possesses a certain power of emission; it tends to emit definite rays, whose wave- 
lengths depend upon the nature of the substance and upon the temperature. Second, 
the substance exerts a definite absorptive power, which is a maximum for the rays 
it tends to emit. Third, at a given temperature the ratio between the emissive and 
the absorptive power for a given wavelength is the same for all bodies and is equal to 
the emissive power of a perfectly black body. 

Lambert's Law of Absorption. Each layer of equal thickness absorbs an equal 
fraction of the light which traverses it. 

Lambert's Law of Illumination. The illumination of a surface on which the light 
falls normally from a point source is inversely proportional to the square of the 
distance of the surface from the source. If the normal to the surface makes an 
angle with the direction of the rays, the illumination is proportional to the cosine of 
that angle. 

Lenses. For a single thin lens whose surfaces have radii of curvature n and r 2 
whose principal focus is P, the index of refraction n, and conjugate focal distances f x 
and / 2 , 



* /1 /2 Vi r 2 J 



For a thick lens, of thickness t, 
F = 



nr x r 2 



(n - l)[n(ri + r«) - t(n - 1)] 



combinations of lenses. If f x and / 2 are the focal lengths of two thin lenses 
separated by a distance d the focal length of the system, 



F = 



/1/2 



/1 +/» -d 



Luminous Flux. The total visible energy emitted by a source per unit time is 
called the total luminous flux from the source. The unit of flux, the lumen, is the 
flux emitted in unit solid angle (steradian) by a point source of one candle luminous 
intensity. A uniform point source of one candle intensity thus emits 4x lumens. 
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Luminous Intensity, or Candlepower. This is the property of a source of emitting 
luminous flux and may be measured by the luminous flux emitted per unit solid angle. 
The accepted unit of luminous intensity is the international candle. The Hefner unit, 
which is equivalent to 0.9 international candle, is the intensity of a lamp of specified 
design burning amyl acetate, called the Hefner lamp. 

The mean horizontal candlepower is the average intensity measured in a horizontal 
plane passing through the source. The mean spherical candlepower is the average 
candlepower measured in all directions and is equal to the total luminous flux -in 
lumens divided by 4x. 

Magnifying Power. In an optical instrument this is the ratio of the angle sub- 
tended by the image of the object seen through the instrument to the angle subtended 
by the object when seen by the unaided eye. In the case of the microscope or simple 
magnifier the object as viewed by the unaided eye is supposed to be a distance of 
25 cm (10 in.). . 

Minimum Deviation. The deviation or change of direction of light passing through 
a prism is a minimum when the angle of incidence is equal to the angle of emergence. 
If D is the angle of minimum deviation and A the angle of the prism, the index of 
refraction of the prism for the wavelength used is 



n = 



sin|(A +D) 



sin y- 



u 



Molecular Refraction. The molecular refraction of a substance may be computed 
by the following relation: 

__ M(n 2 - 1) 
^ - d(n* -H 2) 

where N is the molecular refraction for a specified wavelength and temperature, 
M the molecular weight, d the density, and n the refractive index for the specified 

conditions. . ,, , 

Nodal Points. Two points on the axis of a lens such that a ray entering the lens 

in the direction of one, leaves as if from the other and parallel to the original direction. 
Photographic Density. The density D of silver deposit on a photographic plate or 

film is defined by the relation 

D=logO 

where is the opacity. If h and I are the incident and transmitted intensities, 
respectively, the opacity is given by h/L The transparency is the reciprocal of the 

opacity, or I/I Q . .■'... ,.„. . -.• -• 

Polarized Light. Light which exhibits different properties in different directions 
at right angles to the line of propagation is said to be polarized. Specific rotation is 
the power of liquids to rotate the plane of polarization. It is stated in terms of 
specific rotation or the rotation in degrees per decimeter per unit density. 

Principal Focus. For a lens or spherical mirror this is the point of convergence 
of light coming from a source at an infinite distance. 

Radiation. If h is the intensity of normal radiation and I the intensity at an 

angle 9 

I - Io cos 

This is called Lambert's law. It does not apply in all cases. 

Radiation Formula, Planck's. The emissive power of a black body at wavelength X 
may be written 

p.. **" 
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where d and c 2 are constants with numerical values 3.7403 X 10 8 microwatts per cm 2 
per 0.01/* zone of spectrum and 14,384/* deg, respectively, and T the absolute 
temperature. 

Radius of Curvature from Spherometer Readings. If I is the mean length of the 
sides of the triangle formed by the points of the three legs, d the spherometer readings, 
the radius of curvature of the surface is 

7 2 rl 
Qd ^2 

Reflection Coefficient, or Reflectivity. This is the ratio of the light reflected from a 
surface to the total incident light. The coefficient may refer to diffuse or to specular 
reflection. In general it varies with the angle of incidence and with the wavelength 
of the light. 

Reflection of Light by a Transparent Medium in Air (FresneVs Formulas). If i is the 
angle of incidence, r the angle of refraction, n Y the index of refraction for air (nearly 
equal to unity), n 2 the index of refraction for a medium, then the ratio of the reflected 
light to the incident light is 

T? = 1 / sin 2 {i ~ r) tan 2 (i - r) \ 
"* Vsin 2 (i +r) + tan 2 (i +r)J 

If i = (normal incidence), and n x = I (approximate for air), 

Refraction at a Spherical Surface. If u is the distance of a point source, v the 
distance of the point image or the intersection of the refracted ray with the axis, 
n x and n 2 the indices of refraction of the first and second medium, and r the radius 
of curvature of the separating surface, 

— 4- ~ — n 2 ■*-, n\ 
v u r 

If the first medium is air the equation becomes 

- 4- i — n ~ 1 
v u r 

Refractivity is given by (n - 1) when n is the index of refraction; the specific 
refractivity is given by (n - l)/d where d is the density. Molecular refractivity is 
the product of specific refractivity by the molecular weight. 

Resolving Power. For a telescope or microscope this is indicated by the minimum 
separation of two objects for which they appear distinct and separate when viewed 
through the instrument. 

The molecular or atomic rotatory power is the product of the specific rotatory power 
by the molecular or atomic weight. Magnetic rotatory power is given by 

- H cos a 
e 

where H is the intensity of the magnetic field, and a is the angle between the field 
and the direction of the light. 

SnelVs Law of Refraction. If i is the angle of incidence, r the angle of refraction, 
v the velocity of light in the first medium, v' the velocity in the second medium, the 
index of refraction n, 

sin i v 



n = . 

sin r 
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Specific Rotation. If there are n grams of active substance in v cubic centimeters 
of solution and the light passes through I centimeters, r being the observed rotation 
in degrees, the specific rotation (for 1 cm), 

r i _ ™ 

Spectral Series. These are spectral lines or groups of lines which occur in an 
orderly sequence. 

Spherical Aberration. When large surfaces of spherical mirrors or lenses are used 
the light divergent from a point source is not exactly focused at a point. The phe- 
nomenon is known as spherical aberration. For axial pencils the error is known as 
axial spherical aberration; for oblique pencils, coma. 

Spherical Mirrors. If R is the radius of curvature, F the principal focus, and /i 
and / 2 any two conjugate focal distances, 

I 4_ L = 1 = -? 
/i /. F R 

If the linear dimensions of the object and image be and /, respectively, and u 
and v their distances from the mirror, 

9. = a 

I V 

Total Reflection. When light passes from any medium to one in which the velocity 
is greater, refraction ceases and total reflection begins at a certain critical angle of 
incidence such that 

. n 1 
n 

where n is the index of the first medium with respect to the second. If the second 

medium is air n has the ordinary value for the first medium. For any other second 

medium, 

ni 

n — — 

n<i 

where m and n 2 are the ordinary indices of refraction for the first and second medium, 
respectively. 

Visibility. This is measured by the ratio of the luminous flux in lumens to the 
total radiant energy in ergs per second or in watts. 

Watt of Maximum Visibility Radiation. 680 lumens. 

Wien's Displacement Law. When the temperature of a radiating black body 
increases, the wavelength corresponding to maximum energy decreases in such a way 
that the product of the absolute temperature and wavelength is constant. 

AnxaxT = w 

Zeeman Effect. The splitting of a spectrum line into several symmetrically dis- 
posed components, which occurs when the source of light is placed in a strong mag- 
netic field. The components are polarized, the directions of polarization and the 
appearance of the effect depending on the direction from which the source is viewed 
relative to the lines of force. 

6a-2. Fundamental Standards. The international candle is a unit of luminous 
intensity. It is a specified fraction of the average horizontal candlepower of a group 
of 45 carbon-filament lamps preserved at the National Bureau of Standards. The 
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new candle is ^-$ of the intensity of one square centimeter of a black-body radiator 
at the solidification temperature of platinum (2042°K). The primary standard 
wavelength which defines the Angstrom unit is the red cadmium line in air, 760 mm 
pressure, 15°C, at 6,438.4696 A. 

Flame Standards 
(Value of various former standards in international candles) 

Candles 

Standard pentane lamp, burning pentane 10.0 

Standard Hefner lamp, burning amyl acetate 0.9 

Standard Carcel lamp, burning colza oil 9.6 

The Carcel unit is the horizontal intensity of the carcel lamp, burning 42 g of colza 
oil per hr. For a consumption between 38 and 46 g/hr the intensity may be con- 
sidered proportional to the consumption. 

The Hefner unit is the horizontal intensity of the Hefner lamp burning 
amyl acetate, with a flame 4 cm high. If the flame is I mm high, the intensity 
/ = 1 + 0.0270 - 40). 

6a-3. Photometric Quantities, Units, and Standards. 

Candle (or International Candle). The candle is the unit of luminous intensity. 
It is a specified fraction of the average horizontal candlepower of a group of 45 carbon- 
filament lamps preserved at the Bureau of Standards. 

Candle (new unit). -^ of the intensity of one square centimeter of a black-body 
radiator at the temperature of solidification of platinum (2042°K). 

Lumen. The lumen is the unit of luminous flux. It is equal to the flux through a 
unit solid angle (steradian) from a uniform point source of one candle, or to the flux 
on a unit surface all points of which are at unit distance from a uniform point source 
of one candle. 

Illumination. Illumination is the density of the luminous flux on a surface. It 
is the quotient of the flux by the area of the surface when the latter is uniformly 
illuminated. 

Least Mechanical Equivalent of Light. One lumen at the wavelength of maximum 
visibility (0.656a.) equals 0.00161 watt (= 0.000385 g-cal/sec); one watt at the same 
wavelength equals 680 lumens. 

Relative Visibility. The relative-visibility factor for a particular wavelength is the 
ratio of the visibility factor for that wavelength to the maximum visibility factor. 

Values of the relative visibility are given as a part of the specification of the standard 
observer under Colorimetry. 

Efficiency of a Source of Light. The efficiency of a source is the ratio of the total 
luminous flux to the total power consumed. In the case of an electric lamp it is 
expressed in lumens per watt. 

Spherical Candlepower. The spherical candlepower of a lamp is the average 
candlepower of the lamp in all directions in space. It is equal to the total luminous 
flux of the lamp in lumens divided by 4tt. 

Lambert. The unit of brightness equal to 1/tt candle per square centimeter. 

Foot-Lambert. The unit of photometric brightness (luminance) equal to 1/tt candle 
per square foot. 

6a-4. Photometric Units 

Bougie Decimate (intensity of source). 1.0 international candle (approximately) 
Candle (International) (intensity of source). 0.104 Carcel unit (approximately); 



6-10 OPTICS 

1.0000 international lumen per steradian; 1 pentane candle (approximately); 1 English 
sperm candle (approximately); 1.11 Hefner unit (approximately). 

Candle per square centimeter (surface brightness). 3.1416 Lamberts; 3141.6 milli- 
Lamberts. 

Candle per square inch (surface brightness). 0.48695 Lambert; 486.95 milli- 
Lamberts. \ 

Carcel unit (intensity of source). 9.(6 international candle (approximately). 

English sperm candle (intensity of source). 1.0 international candle (approxi- 
mately). 

Foot-candle (illumination of a surface). 1 lumen incident per square foot; 1.0764 
milliphots; 10.764 lumens per square meter; 10.764 lux. 

Hefner unit (intensity of source). 0.90 international candle (approximately). 

Lambert (surface brightness). 0.3183 candle per square centimeter; 2.054 candles 
per square inch; 1 lumen emitted per square centimeter of a perfectly diffusing 
surface. 

Lumen (flux of luminous energy). Is emitted by 0.07958 spherical candlepower. 
A source of one spherical candlepower emits 4tt or 12.566 lumens. 

Lumen per square centimeter per steradian (surface brightness). 3.1416 Lamberts. 

Lumen per square foot (illumination of a surface). 1 foot-candle; 10.764 lumens 
per square meter. 

Lumen per square foot per steradian (surface brightness). 3.3816 milli-Lamberts. 

Lumen per square meter (surface illumination). 1 X 10~ 4 phot; 0.092902 foot- 
candle or lumen per square foot. 

Lux (illumination of a surface). 1 X 10~ 4 phot; 0.1 milliphot; 0.092902 foot- 
candle; 1.000 lumen per square meter. 

Meter-candle (illumination of a surface). 1.000 lumen per square meter. 

Milli-Lambert (surface brightness). 0.929 lumen emitted per square foot (perfect 
diffusion). 

Milliphot (illumination of a surface). 0.001 phot; 0.929 foot-candle. 

Pentane candle (intensity of source). 1.0 international candle (approximately). 

Phot (illumination of a surface). 1 lumen incident per square centimeter; 1,000 
milliphots; 1.000 X 10 4 lumens per square meter; 1 X 10 4 lux. 

Stilb (surface brightness). 1 candle per square centimeter. 
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The index of refraction, usually denoted by n, is defined as the ratio of the velocity 
of light in a vacuum to the velocity of light in the given material. Indices not other- 
wise indicated are for sodium light, X = 589.3 nip. Other wavelengths are indicated 
by the value in millimicrons or symbol in parentheses which follows the index. Wave- 
lengths are indicated as follows: He> X = 587.6 m^; Li, X = 670.8 m^; Hg, X = 579.1 
m M ; A, X = 759.4 m M ; C, X = 656.3 mju; D, X = 589.3 m M ; F, X = 486.1 m**. 

Temperatures are understood to be 20°C for liquids, or ordinary room temperatures 
in the case of solids. Other temperatures appear as superior figures with the index. 
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Table 6b-l. Index of Refraction of Selected Uniaxial Minerals* 



Mineral 



Ice 

Sellaite 

Chrysocolla 

Laubanite 

Chabazite 

Douglasite 

Hydronephelite . 
Apophyllite .... 

Quartz 

Coquimbite .... 

Brucite 

Alunite 

Penninite 

Cacoxenite 

Eudialite 

Dioptase ... 

Phenacite ..... 

Parisite 

Willemite 

Vesuvianite .... 



Xenotime 

Connellite . . . 
Benitoite. . . . 
Ganomalite . . 

Scheelite 

Zircon 

Powellite. . . . 

Calomel 

Cassiterite . . . 

Zincite 

Phosgenite . . 
Penfieldite . . . 

Iodyrite 

Tapiolite .... 

Wurtzite 

Derbylite . . . 
Greenockite . 

Rutile 

Moissanite . . 
Cinnabar . . . 



Formula 



Index of refraction 



Ordinary 
ray 



Extraordinary 
ray 



Uniaxial Positive Minerals 



H 2 

MgF 2 

CuOSi0 2 -2H 2 

2CaOAl 2 3 -5Si0 2 -6H 2 

(Ca, Na 2 )0-Al 2 3 -4Si0 2 -6H 2 

2KClFeCl 2 -2H 2 

2Na 2 0-3Al 2 3 -6Si0 2 -7H 2 

K 2 0-8Ca016Si0 2 -16H 2 

Si0 2 

Fe 2 3 -3S0 3 -9H 2 

MgOH 2 

K 2 0-3A1 2 3 -4S0 3 -6H 2 

5(Mg, Fe)OAl 2 3 -3Si0 2 -4H 2 

2Fe 2 3 P 2 06l2H 2 

6Na 2 0-6(Ca, Fe)O-20(Si, Zr)0 2 NaCl 

CuOSi0 2 H 2 

2BeOSi0 2 

2CeOFCaO-3C0 2 

2ZnOSi0 2 

2(Ca, Mn, Fe)0-(A1, Fe) 

(OH, F)0-2Si0 2 
Y 2 3 P 2 6 

20CuOSO 3 -2CuCl 2 -20H 2 O 
BaOTi0 2 -3Si0 2 

6PbO-4(Ca, Mn)0-6Si0 2 H 2 

CaOW0 3 

Zr0 2 Si0 2 

CaOMoOs 

HgCl 

Sn0 2 

ZnO 

PbOPbCl 2 C0 2 

PbOPbCU 

Agl 

FeO(Ta, Nb) 2 5 

ZnS 

6FeOSb 2 3 -5Ti0 2 

CdS 

Ti0 2 

CSi 

HgS 



1.309 


1.313 


1.378 


1.390 


1.460 + 


1.570 + 


1.475 


1.486 


1.480 + 


1.482 + 


1.488 


1.500 


1.490 


1.502 


1.535 + 


1.537 + 


1.544 


1.553 


1.550 


1.556 


1.559 


1.580 


1.572 


1.592 


1.576 


1.579 


1.582 


1.645 


1 606 


1.611 


1.654 


1.707 


1.654 


1.670 


1.676 + 


1.757 


1.691 


1.719 


1.716 + 


1.721 


1.721 


1.816 


1.724 


1.746 


1.757 


1.804 


1.910 


1.945 


1.918 


1.934 


1.923 + 


1.968 + 


1.974 


1.978 


1.973 


2.650 


1.997 


2.093 


2.013 


2.029 


2.114 


2.140 


2.130 


2.210 


2.210 


2.220 


2.270 


2.420 (Li line) 


2.356 


2.378 


2.450 


2.510 (Li line) 


2.506 


2 529 


2.616 


2.903 


2.654 


2.697 


2.854 


3.201 
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Table 6b-l. Index of Refraction of Selected Uniaxial 
Minerals* (Continued) 



Mineral 



Formula 



Index of refraction 



Ordinary 
ray- 



Extraordinary 
ray 



Uniaxial Negative Minerals 



Chiolite 


2NaF-AlF 3 
llNa 2 O9S0 3 -2C0 2 KCl 


1.349 
1.481 


1.342 


Hanksite 


1.461 


Thaumasite 


3CaOC0 2 Si0 2 S0 3 15H 2 


1.507 


1.468 


Hydrotalcite 


6MgOAl 2 3 C0 2 15H 2 


1.512 


1.498 


Cancrinite 


4Na 2 OCaO-4Al 2 3 -2C0 2 -9Si0 2 -3H 2 


1.524 


1.496 


Milarite 


K 2 0-4CaO-2Al 2 3 -24Si0 2 H 2 


1.532 


1.529 


Kaliophilite 


K 2 OAl 2 3 -2Si0 2 


1.537 


1.533 


Mellite 


Al 2 3 Ci 2 9 -18H 2 


1 539 


1 511 


Marialite 


"Ma" = 3Na 2 O3Al 2 3 18Si0 2 -2NaCl 


1 539 


1 537 


Nephelite. ........ 


Na 2 OAl 2 3 -2Si0 2 


1.542 


1 538 


Wernerite 


MeiMai + 


1.578 


1.551 


Beryl 


3BeOAl 2 3 -6Si0 2 


1 581 + 


1 575 4- 


Torbernite 


Cu02U0 3 P 2 6 -8H 2 


1.592 


1.582 


Meionite 


"Me" = 4CaO-3Al 2 3 -6Si0 2 


1 597 


1 560 


Melilite 


Contains Na 2 0, CaO, A1 2 3 , Si0 2 , etc. 


1 634 


1 629 


Apatite 


9CaO-3P 2 6 Ca(F, Cl) 2 
CaOC0 2 


1 634 


1 631 


Calcite ........... 


1.658 


1.486 


Gehlenite 


2CaOAl 2 3 Si0 2 


1 669 


1 658 


Tourmaline 


Contains Na 2 0, FeO, A1 2 3 , B 2 3 , 
Si0 2 , etc. 


1.669± 


1.638± 


Dolomite 


CaOMgO-2C0 2 
MgOC0 2 


1 681 


1 500 


Magnesite 


1.700 


1.509 


Pyrochroite 


MnOH 2 


1.723 


1.681 


Corundum 


A1 2 3 


1.768 


1.760 


Smithsonite 


ZnOC0 2 


1.818 


1.618 


Rhodochrosite 


MnOC0 2 


1.818 


1.595 


Jarosite 


K 2 0-3Fe 2 3 -4S03-6H 2 


1 820 


1 715 


Siderite 


FeOC0 2 


1 875 


1.635 
2.042 


Pyromorphite . . . . . 


9PbO-3P 2 5 PbCl 2 


2.050 


Barysilite 


3PbO-2Si0 2 


2 070 


2.050 
2.118 
2.040 


Mimetite 


9PbO-3As 2 0»PbCl 2 


2 135 


Matlockite. ....... 


PbGPbCl 2 


2.150 


Stolzite. 


PbOW0 3 


2 269 


2.182 
1.950 
2.299 


Geikielite 


(Mg, Fe)OTi0 2 
9PbO-3V 2 8 PbCl 2 


2 310 


Vanadinite 


2.354 


Wulf enite 


PbOMo0 3 


2.402 


2.304 (Li line) 




Octahedrite ....... 


Ti0 2 


2.554 


2.493 


Massicotite 


PbO 


2.665 


2.535 (Li line) 


Proustite 


3Ag 2 S-As 2 S 3 


2.979 


2.711 (Li line) 


Pryargyrite 


3Ag 2 S-Sb 2 S 3 


3.084 


2.881 (Li line) 


Hematite 


Fe 2 3 


3.220 • 


2.940 (Li linel 





* "Smithsonian Physical Tables," 1954, Table 546. Selected by Edgar T. Wherry from a private 
compilation of Esper S. Larsen, of the U.S. Geological Survey. 
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Table 6b-2. Index of Refraction of Selected Biaxial Minerals* 





Formula 


Index of refraction 


Mineral 












n a 


np 


fly 


Biaxial Positive Minerals 


Stercorite 


NaO(NH 4 ) 2 OP 2 6 -9H 2 


1 .439 


1.441 


1.469 


Aluminite. 


A1 2 3 S0 3 -9H 2 


1.459 


1.464 


1.470 


Tridymite ........ 


Si0 2 


1.469 


1.470 


1.473 


Thenardite ...... 


Na 2 OS0 3 


1:464 


1.474 


1.485 


Carnallite. ...... 


KClMgCl 2 -6H 2 


1 466 


1.475 


1.494 


Alunogen ........ 


A1 2 3 -3S0 3 16H 2 


1.474 


1.476 


1.483 


Melanterite 


FeOS0 3 -7H 2 


1.471 


1.478 


1.486 


Natrolite 


Na 2 OAl 2 3 -3Si0 2 -2H 2 


1 .480 


1.482 


1.493 


ArcaniteV. 


K 2 0-S0 3 
(NH 4 ) 2 0-2MgOP 2 5 12H 2 


1 .494 
1.495 


1.495 
1.496 


1.497 


Struvite 


1.500 


Heulandite. . j . . 


CaOAl 2 3 -6Si0 2 -3H 2 


1.498 


1.499 


1.505 


Thomsonite 


(Na 2 , Ca)0-Al 2 03-2Si0 2 -3H 2 


1.497 


1.503 


1.525 


Harmotome. . : . . 


(K 2 , Ba)OAl 2 3 -5Si0 2 -5H 2 


1.503 


1.505 


1.508 


Petalite i ....... . 


Li 2 0-Al 2 3 -8Si0 2 
2CaOP 2 06H 2 


1.504 
1 515 


1.510 
1.518 


1.516 


Monetite. : . ..... 


1.525 


Newberyite 


2MgOP 2 5 -7H 2 


1.514 


1.519, 


1.533 


Gypsum 


CaOS0 3 -2H 2 
(N , H4) 2 OS0 3 


1 520 
1.521 


1.523 
1.523 


1.530 


Mascagnite. . . . 


1.533 


Albite... 


a Ab ,? = Na 2 OAl 2 03-6Si0 2 
4MgO-3C0 2 -4H 2 


1.525 
1.527 


1.529 
1.530 


1.536 


Hydromagnesite . . 


1.540 


Wavellite 


3A1 2 03-2P 2 6 12(H 2 0, 2HF) 


1 .525 


1.534 


1.552 


Kieserite ........ 


MgOS0 3 H 2 


■ 1 523 


1.535 


1.586 


Copiapite ....... 


2Fe 2 3 -5S0 3 18H a O 


1V530 


1.550 


1.592 


Whewellite 


CaOC 2 3 H 2 


1.491 


1.555 


1.650 


Variscite ....... 


A1 2 3 P 2 6 -4H 2 


; 1.551 


1.558 


1 582 


Labrador ite . . 


Ab 2 An 3 


1.55^ 


1.563 


1.568 


Gibbsite ......... 


A1 2 3 -3H 2 
3MgOP 2 5 MgF 2 


1.566 
1.569 


1.566 
1.570 


1.587 


Wagnerite ...... 


1.582 


Anhydrite 


CaOS0 3 


1.571 


1.576 


1.614 


Colemanite ...... 


2CaO-3B 2 3 -5H 2 


1.586 


1.592 


1.614 


Fremontite ...... 


Na 2 OAl 2 3 P 2 6 (H 2 0, 2HF) 


1 .594 


1.603 


1.615 


Vivianite . ....... 


3FeOP 2 5 -8H 2 


1.579 


1.603 


1 633 


Pectolite. ....... 


Na 2 0-4CaO-6Si0 2 -H 2 


1.595 


1.604 


1.633 


Calamine. ....... 


2ZnOSi0 2 H 2 


1 .614 


1.617 


1 636 


Chondrodite . . . . . 


4MgOSi0 2 Mg(F, OH) 2 


1.604 


1.617 


1 636 


Turquoise. 


0uO-3Al 2 O 3 -2P 2 O 6 -9H 2 O 


1.610 


1.620 


1.650 


Topaz 


2A10FSi0 2 
SrO-S0 3 


1.619 
1.622 


1.620 
1.624 


1.627 


Celestite. 


1.631 


Prehnite 


2CaOAl 2 3 -3Si0 2 H 2 

BaOS0 3 

MgOSi0 2 


1.616 
1.636 
1.633 


1.626 
1.637 
1.642 


1.649 


Barite. 


1.648 


Anthophyllite . . . 


1.657 


Sillimanite 


! Al 2 3 -Si0 2 


1.638 


1.642 


1.653 


Forsterite 


2MgOSi0 2 


1.635 


1.651 


1.669 
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Mineral 



Formula 



Index of refraction 



n« 



np 



n y 



Biaxial Positive Minerals 



Enstatite. 

Euclase 

Triplite 

Spodumene 

Diopside ...... 

Olivine 

Triphylite 

Zoisite 

Strengite. 

Diaspore ...... 

Staurolite. 
Chrysoberyl 

Azurite . . 

Scorodite 

Olivenite 

Anglesite 

Titanite 

Claudetite ...... 

Sulfur 

Cotunnite 

Huebnerite 

Manganite ...... 

Raspite. .... 

Mendipite 

Tantalite 

Wolframite 

Crocoite 

Pseudobrookite . 
Stibiotantalite . 
Montroydite . . 

Brookite . . 

Massicot 



MgOSi0 2 

2BeOAl 2 3 -2Si0 2 H 2 

3Mn0P 2 5 MnF 2 

Li 2 0-Al 2 8 -4Si0 2 

CaO.Mg02Si0 2 

2(Mg, Fe)OSi0 2 

Li 2 02(Fe, Mn)0P 2 6 

4CaO-3Al 2 8 -6Si0 2 H 2 

Fe 2 0,P 2 054H 2 

A1 2 8 H 2 

2FeO-5Al 2 8 -4Si0 2 H 2 

Be0Al 2 8 

3Cu0*2C0 2 H 2 

Fe 2 0sAB 2 6 -4H 2 

4Cu0Ai3 2 05H 2 

PbOS0 8 

CaOTi0 2 Si0 2 

As 2 8 

S 

PbCl 2 

MnOWO, 

Mn 2 3 H 2 

PbOWOs 

2PbOPbCl 2 

(Fe, Mn)0Ta 2 8 

(Fe, Mn)OW0 8 

PbOCr0 3 

2Fe 2 3 -3Ti0 2 

Sb 2 3 Ta 2 5 

HgO 

Ti0 2 

PbO 



1.650 
1.653 
1.650 
1.660 
1.664 
1.662 
1 .688 
1.700 
1.708 
1.702 
1.736 
1.747 
1.730 
1 765 
1.772 
1.877 
1.900 



871 
950 
200 
170 
240 
270 
240 
260 
310 
310 
380 
2.374 
2.370 
2.583 
2.510 



1.653 
1.656 
1.660 
1.666 
1.671 
1.680 
1.688 
1.702 
1.708 
1.722 
1.741 
1.748 
1.758 
1.774 
1.810 
1.882 
1.907 
1.920 
2.043 
2.217 
2.220 
2.240 
2.270 
2.270 
2.320 
2.360 
2.370 
2.390 
2.404 
2.500 
2.586 
2.610 



1.658 

1.673 

1.672 

1.676 

1.694 

1.699 

1.692 

1.706 

1.745 

1.750 

1.746 

1.757 

1.838 

1.797 

1.863 

1.894 

2.034 

2.010 

2.240 

2.260 

2.320 

2.530 (Li) 

2.300 

2310 

2.430 (Li) 

2.460 (Li) 

2.660 (Li) 

2.420 (Li) 

2.457 

2.650 (Li) 

2.741 

2.710 



Biaxial Negative Minerals 



Mirabilite. . . . 
Thomsenolite . 

Natron. 

Kalinite 

Epsomite 

Sassolite 

Borax 



Na 2 OSO 8 10H 2 O 


1.394 


1.396 


1.398 


NaFCaF 2 AlF 8 H 2 


1.407 


1.414 


1 415 


Na 2 OCO 2 10H 2 O 


1.405 


1.425 


1.440 


K 2 0.Al 2 O3-4SO3-24H 2 O 


1.430 


1.452 


1.458 


Mg0S0 3 -7H 2 


1.433 


1.455 


1 461 


B 2 8 H 2 


1.340 


1.456 


1.459 


Na 2 O-2B 2 O 3 10H 2 O 


1.447 


1.470 


1.472 
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Table 6b-2, Index of Refraction of Selected Biaxial 
Minerals* (Continued) 





Formula 


Index of refraction 


Mineral 












n a 


n/3 


n y 


Biaxial Negative Minerals 


Goslarite ........ 


ZnOS0 3 -7H 2 


1.457 


1.480 


1.484 


Pickeringite 


MgQ-Al 2 Or4S0 3 -22H 2 


1.476 


1.480 


1.483 


Bloecjite 


Na 2 QMgO-2S0 3 -4H 2 


1,483 


1.487 


1.486 


Trona. ......... . 


3Na 2 04C0 2 -5H 2 
Na 2 OC0 2 H 2 


1.410 
1.420 


1.492 
1.495 


1.542 


Thermonatrite . . . 


1.518 


Stilbite. 


(Ca, Na 2 )OAl 2 3 -6Si0 2 -5H 2 


1.494 


1.498 


1.500 


Niter 


K 2 ON 2 5 
MgOS0 3 KCl-3H 2 


1.334 
1.494 


1.505 
1.505 


1.506 


Kainite 


1.516 


Gaylussite , . 


Na 2 OCaO-2C0 2 -5H 2 


1.444 


1.516 


1.523 


Scolecite 


CaOAl 2 3 -3Si0 2 -3H 2 


1.512 


1.519 


1.519 


Laumontite. ...... 


CaOAl 2 3 4Si0 2 H 2 


1.513 


1.524 


1.525 


Orthoclase ... 


K 2 0,Al 2 3 -6Si0 2 


1.518 


1.524 


1.526 


Microcline 


Same as preceding 


1.522 


1.526 


1.530 


Anorthoclase 


(Na, K) 2 OAl 2 3 -6Si0 2 


1.523 


1.529 


1.531 


Glauberite 


Na 2 OCaO-2S0 3 


1.515 


1.532 


1.536 


Cordierite 


4(Mg, Fe)0 4Al 2 O 3 10SiO 2 H 2 O 


1.534 


1.538 


1.540 


Chalcanthite .... 


CuOS0 3 -5H 2 


1 516 


1.539 


1.546 


Oligoclase 


Ab 4 An 


1.539 


1.543 


1.547 


Beryllonite 


Na 2 0-2BeOP 2 5 


1.552 


1.558 


1.561 


Kaolinite 


Al 2 3 -2SiO 2 -2H 2 O 


1.561 


1.563 


1.565 


Biotite. 


K 2 4(Mg, Fe)0-2Al 2 3 -6Si0 2 H 2 
Ca02U0 3 P 2 5 -8H 2 


1.541 
1.553 


1.574 
1.575 


1.574 


Autunite 


1.577 


Anorthite 


"An" - CaOAl 2 3 -2Si0 2 


1 576 


1.584 


1.588 


Lanthanite 


La 2 3 -3C0 2 -9H 2 


1.52Q 


1.587 


1.613 


Pyrophyllite 


Al 2 3 -4Si0 2 H 2 


1.552 


1.588 


1.600 


Talc 


3MgO-4Si0 2 H 2 


1.539 


1.589 


1.589 


Hopeite 


3ZnOP 2 5 4H 2 


1.572 


1.590 


1.590 


Muscovite ....... 


K 2 OAl 2 3 -6Si0 2 -2H 2 


1.561 


1.590 


1.594 


Amblygonite .... 


Al 2 3 P 2 5 -2LiF 


1.579 


1.593 


1.597 


Lepidolite 


Al 2 3 -3Si0 2 -2(K, Li)F 


1.560 


1.598 


1.605 


Phlogopite 


K 2 0-6MgOAl 2 3 -6Si0 2 -2H 2 


1.562 


1.606 


1.606 


Tremolite 


CaO-3MgO-4Si0 2 


1.600 


1.616 


1.627 


Actinoiite 


CaO-3(Mg, Fe)O4Si0 2 


1.614 


1.630 


1.641 


Wollastonite 


CaO-Si0 2 


1.620 


1.632 


1.634 


Lazulite 


(Fe, Mg)OAl 2 3 P 2 6 H 2 


1.612 


1.634 


1.643 


Danburite 


CaOB 2 3 -2Si0 2 


1.632 


1.634 


1.636 


Glaucophane .... 


Na 2 0-2FeOAl 2 3 -6Si0 2 


1.621 


1.638 


1.638 


Andalusite 


Al 2 3 Si0 2 


1.632 


1.638 


1.643 


Hornblende 


Contains Na 2 0, MgO, FeO, Si0 2 , etc. 


1.634 


1.647 


1.652 


Datolite 


2CaO-2Si0 2 B 2 3 H 2 
3CoO^As 2 5 -8H 2 


1.625 
1,626 


1.653 
1.661 


1.669 


Eryttirite 


1.699 


Monticellite . .... 


CaOMgOSi0 2 


1.651 


1.662 


1.668 
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Table 6b-2. Index of Refraction of Selected Biaxial 
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Biaxial negative minerals 



Strontianite 


SrOC0 2 


1.520 


1.667 


1.667 


Witherite 


BaOC0 2 


1.529 


1.676 


1.677 


Aragonite 


CaO-C0 2 


1.531 


1.682 


1.686 


Axinite 


6(Ca, Mn)0-2Al 2 3 B 2 3 -8Si0 2 H 2 


1.678 


1.685 


1 .688 


Dumortierite .... 


8Al 2 03B 2 03-6Si0 2 H 2 


1.678 


1.686 


1.689 


Cyanite 


Al 2 3 Si0 2 


1.712 


1.720 


1.728 


Epidote. . 


4Ca03(Al, Fe) 2 3 -6Si0 2 H 2 
3CuOGuCl 2 -3H 2 


1.729 


1.763 


1.780 


Atacamite ...... 


1.831 


1.861 


1.880 


Fayalite 


2FeOSi0 2 


1.824 


1.864 


1.874 


Galedonite 


2(Pb, Cu)OS0 3 H 2 


1.818 


1.866 


1.909 


Malachite 


2CuOC0 2 H 2 


1.655 


1.875 


1.909 


Lanarkite . . . 


2PbOS0 3 


1.930 


1.990 


2 020 


Leadhillite 


4PbOS0 3 -2C0 2 H 2 


1.870 


2.000 


2.010 


Cerusite 


PbOCG 2 
PbCl 2 PbOH 2 


1.804 
2.077 


2.076 
2.116 


2.078 


Laurionite 


2.158 


Matlockite 


PbOPbCl 2 


2.040 


2.150 


2.150 


Baddeleyite 


Zr0 2 


2.130 


2.190 


2.200 


Lepidocrocite . . . . 


Fe 2 3 H 2 


1.930 


2.210 


2.510 


Limonite 


2Fe 2 3 -3H 2 in part 


2.170 


2.290 


2.310 


Goethite 


Fe 2 3 H 2 


2.210 


2.350 


2.350 (Li) 


Valentinite 


Sb 2 3 


2.180 


2.350 


2.350 


Turgite 


2Fe 2 3 -H 2 in part 


2.450 


2.550 


2.550 (Li) 


Realgar 


AsS 


2.460 


2.590 


2.610 (Li) 


Terlinguaite ..... 


Hg 2 OCl 


2.350 


2.640 


2.660 (Li) 


Hutchinsonite . . 


(Tl, Ag) 2 S-PbS-2As 2 S 3 


3.078 


3.176 


3.188 


Stibnite 


Sb 2 S 3 


3.194 


4.303 


4.460 







* " Smithsonian Physical Tables," 1954, Table 548. The values are arranged in the order of increas- 
ing P index of refraction and are for the sodium D line except where noted. Selected by Edgar T. 
Wherry from private compilation of Esper S. Larsen, of the U.S. Geological Survey. 
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Table 6b-3. Index of Refraction of Some Liquids Relative to Air* 





Density 


Temp., 
°C 


Indices of refraction 


Substance 


0.397m 
H 


0.434/x 
G' 


0.486m 
F 


0.589m 
D 


0.656m 
C 


Acetaldehyde, CHaCHO 


0.780 
0.791 
1.022 
0.794 
0.808 
0.800 

0.804 
0.880 

1.487 
1.293 
1.263 
1.591 
1.090 
1.512 
1.489 
0.728 
0.715 

1.109 
1.219 
1.260 
0.660 
0.679 
3.318 

0.962 
1.012 
0.707 

0.92 
0.99 
0.99 
1.06 

1.05 
0.92 

0.87 

0.87 

0.625 

1.060 

1.021 

0.910 

0.982 

0.86 


20 
20 
20 
20 


20 
20 
20 
20 
20 
20 


20 
20 
20 
20 
20 
14.9 
20 
20 
20 
20 
20 
20 

23.3 
20 
20 

98.4 
22.4 
15.1 


15.1 
21.4 
20 
10 

22.5 
23.5 





10.6 
20.7 
15.7 
40.6 
82.7 
16.6 

20 
20 

40 
80 


1 . 3399 

1.7289 
1.7175 
1.6994 

1.463 

1 . 8027 

1.6084 

1.7039 
1.6985 

1 . 4939 
1.4913 

1.3435 
1 . 3444 
1.3411 
1.3332 


1 . 3394 
1.3678 
1 . 6204 
1.3362 
1.3773 
1.3700 

-0.0004 
1.3938 
1 . 5236 

-0.0007 
1.7041 
1 . 6920 
1.6748 
1.4729 
1.6679 
1.4679 
1.458 
1.4200 
1 . 3607 

-0.0006 
1.395 
1 . 3804 
1.4828 
1 . 3836 
1 .4059 

1 . 5439 
1.4097 

1 . 5775 

1 . 3645 
1 . 5684 

1.5816 

1.5170 
1 . 3404 
1.3413 
1.3380 
1.3302 


1 . 3359 
1.3639 
1 . 6041 
1.3331 
I . 3739 
1.3666 

-0.0004 
1.3901 
1.5132 

-0.0006 
1.6819 
1 . 6688 
1.6523 
1.4676 
1.6470 
1.4624 
1.4530 
1.4160 
1.3576 

-0.0006 
1.392 
1.3764 
1 . 4784 
1.3799 
1.4007 
1.7692 

-0.0007 
1.6031 

1.4046 

1.4847 
1 . 5743 
1 . 5647 
1.5623 
1.6389 
1.6314 
1 . 6508 
1.4825 
1 . 4644 
1.4817 
1 . 4793 
1.3610 
1 . 5558 
1 . 5356 
1 . 5659 
1.5386 
1 . 5070 
1.3372 
1 . 3380 
1 . 3349 
1.3270 


1.3316 
1.3593 
1 . 5863 
1.3290 
1.3695 
1.3618 

-0.0004 
1.3854 
1.5012 

-0.0006 
1.6582 
1.6433 
1.6276 
1.4607 
1.6245 
1.4557 
1.4467 
1.4108 
1 . 3538 

-0.0006 
1 . 3853 
1.3714 
1.4730 
1.3754 
1.3945 
1.7417 

-0.0007 
1.5823 
1 . 5239 
1.4007 

1.4782 
1.5572 
1 . 5475 

1.6104 
1.6026 
1.6188 
1.4763 
1.4573 
1 . 4744 
1.4721 
1.3581 
1 . 5425 

1.5485 

1.4955 
1 . 3330 
1.3338 
1 . 3307 
1 . 3230 


1 . 3298 


Acetone, CHaCOCHa 


1 . 3573 


Aniline, CeHs-NI^ 


1 . 5793 


Alcohol, methyl, CHs'OH 

Alcohol, ethyl, CsHs'OH 


1.3277 
1.3677 


Alcohol, ethyl. ...... 

Alcohol, ethyl, dn/dt. 


1 . 3605 
-0.0004 


Alcohol, n-propyl, C*H7*OH 

Benzene, CeHe. . . . 


1.3834 
1.4965 


Benzene, CeHe dn/dt 


-0.0006 


Bromnaphthalene, CioEhBr. 

Carbon disulfide, CSs 


1.6495 
1.6336 


Carbon disulfide 


1.6182 


Carbon tetrachloride, CCh 

Chinolin, C»H7N. . . . 


1.4579 
1,6161 


Chloral, CChCHO 


1.4530 


Chloroform, CHC1« 


1.4443 


Decane, C10H22 


1.4088 


Ether, ethyl, CiKsO'dHs . 

Ether, ethyl, dn/dt. . . 

Ethyl nitrate,: CsHvONOa. ...... 

Formic acid, H-C02H 


1.3515 

-0.0006 

1 . 3830 

1 . 3693 


Glycerine, CaHsOs 


1.4706 


Hexane, CHaCCH^hCHs ..... 


1.3734 


Hexylene, CHa(CH2)aCHCH2. . . 

Methylene iodide, CH2I2 

Methylene iodide dn/dt 


1.3920 

1.7320 

-0.0006 




1 . 5746 


Nicotine, C10H14N2. 


1.5198 


Octanev CHaCCH^oCHa 


1.3987 


Oil: 

Almond 


1.4755 


Anise seed 


1 . 5508 




1.5410 


Bitter almond 


1.5391 


Cassia 


1 . 6007 


Cassia 


1 . 5930 


Cinnamon 


1 . 6077 


Olive 


1.4738 


Rock 


1.4545 




1.4715 


Turpentine 


1.4692 


Pentane, CHa(CH2)aCH3 

Phenol, CeHsOH 


1 . 3570 
1 . 5369 


Phenol 


1.5174 


Styrene, CeHsCH-CI^ 


1,5419 


Thymol, C10H14O . 


1.5228 


Toluene, CHa'CeHs 


1.4911 


Water, H2O 


1.3312 


Water 


1.3319 


Water 


1.3290 


Water 


1.3313 







* "Smithsonian Physical Tables," 1954, Table 551. 
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Name of monomer 



Optical proper- 
ties of polymer 



Refrac- 
tive 
index 



Recip- 
rocal 



sive 
power 



Name of monomer 



Optical proper- 
ties of polymer 



Refrac- 
tive 
index 

(#2°) 



Recip- 
rocal 

disper- 
sive 

power 



p-Methoxy styrene 

0-Amino-ethyl methacrylate 

Methyl a-bromoacrylate 

Vinyl benzoate. , 

Phenyl vinyl ketone , 

Vinyl carbazole 

Lead methacrylate 

2-Chlorocyclohexyl methacrylate 

1-Phenyl-cyclohexyl methacrylate 

Triethoxy-silicol methacrylate 

p-Bromophenyl methacrylate 

2-3 Dibromopropyl methacrylate. 

Diethyl^mino-ethyl methacrylate 

1-Methyl-cyclohexyl methacrylate 

n-Hexyl methacrylate 

2-6-Dichlorostyrene 

jS-Bromo-ethyl methacrylate 

M-Polychloroprene. 

Methyl ee-chloracrylate 

0-Naphthyl methacrylate 

Vinyl phenyl sulfide 

Methacryl methyl salicylate 

Methyl isopropenyl ketone 

Ethylene glycol mono-methacrylate 

JV-Benzyl methacrylamide 

/3-Phenyl-sulfone ethyl methacrylate 

iV-Methyl methacrylamide. 

JV-AUyl methacrylamide 

Methaeryl-phenyl salicylate 

i\T-/3-Methoxyethyl methacrylamide 

tf-0-Phenylethyl methacrylamide 

Cyclohexyl a-ethoxyacrylate 

l-3-Dichloropropyl-2-methacrylate 

2-Methyl-cyclohexyl methacrylate. 

3-Methyl-cyclohexyl methacrylate. , . . . 

3-3-5-Trimethyl-cyclohexyl methacrylate . . 

JV-Vinyl phthalimide 

Fluorenyl methacrylate 

a-Naphthyl-carbinyl methacrylate 

p-p 3 -Xylylenyl dimethacrylate 

Cyclohexanediol-1-4 dimethacrylate 

Ethylidene dimethacrylate 

p-Divinyl benzene 

Decamethylene glycol dimethacrylate 

Vinyl cyclohexene dioxide 

Methyl a-methylene butyrolactone 

a-Methylene butyrolactone 

4-Dioxolylmethyl methacrylate 

Methylene-a-valerolactone 

o-Methoxy-phenyl methacrylate 

Isopropyl methacrylate 

Trifluoroisopropyl methacrylate 

0-Ethoxy-ethyl methacrylate 

Name of polymer 
Condensation resin from di- (p-aminocyclo- 

hexyl) methane and sebacic acid 

Columbia resin 39 



1.5967 

1.537 

1.5672 

1.5775 

1.586 

1.683 

1.645 

1.5179 

1.5645 

1.436 

1.5964 

1.5739 

1.5174 

1.5111 

1.4813 

1.6248 

1.5426 

1.5540 

1.5172 

1.6298 

1.6568 

1.5707 

1.5200 

1.5119 

1.5965 

1.5682 

1.5398 

1.5476 

1.6006 

1.5246 

1.5857 

1.4969 

1.5270 

1.5028 

1.4947 

1.485 

1.6200 

1.6319 

1.63 

1.5559 

1.5067 

1.4831 

1.6150 

1.4990 

1.5303 

1.5118 

1.5412 

1.5084 

1.5431 

1.5705 

1.4728 

1.4177 

1.4833 



1.5199 
1.5001 



52.5 

46.5 

30.7 

26.0 

18.8 

28 

56 

40 

53 

33 

44 

54 

54 

57 

31.3 

40 

36 

57 

24 

27.5 

34 

54.5 

56 

34.5 

39 

47.5 

47 

36 

53 

37 

58 

56 

53 

55 

54 

24.1 

23.1 

25 

37 

54.3 

52.9 

28.1 

56.3 

56.4 

53.9 

56.4 

59.7 

47.8 

33.4 

57.9 

65.3 

32.0 



52.0 

58,8 



Allyl methacrylate 

Benzhydryl methacrylate 

Benzyl methacrylate 

n-Butyl methacrylate 

Tert-butyl methacrylate 

0-Chlorobenzhydryl methacrylate 

(o-Chlorophenyl)-ethyl methacrylate. 

Cyclohexyl-cyclohexyl methacrylate 

Cyclohexyl methacrylate 

p-Cyclohexyl-phenyl methacrylate 

a-0-Diphenyl-ethyl methacrylate 

Menthyl methacrylate 

Ethylene dimethacrylate 

Hexamethylene glycol dimethacrylate. . 

Methacrylic anhydride 

Methyl methacrylate 

m-Nitro-benzyl methacrylate 

2-Nitro-2-methyl-propyl methacrylate. . 

at-Phenyl-allyl methacrylate 

cr-Phenyl-n-amyl methacrylate 

a-Phenyl-ethyl methacrylate 

/3-Phenyl-ethyl methacrylate 

Tetrahydrofurfuryl methacrylate 

Vinyl methacrylate 

Styrene 

Vinyl formate 

Phenyl cellosolve methacrylate 

p-Methoxy-benzyl methacrylate 

Ethylene chlorohydrin methacrylate 

o-Chlorostyrene 

Pentachlorophenyl methacrylate 

Phenyl methacrylate 

Vinyl naphthalene 

Vinyl thiophene., 

Eugenol methacrylate 

m-Cresyl methacrylate 

o-Methyl-p-methoxy styrene 

o-Methoxy styrene 

o-Methyl styrene 

Ethyl sulfide dimethacrylate 

Allyl cinnamate 

Diacetin methacrylate 

Ethylene glycol benzoate methacrylate. 

Ethyl glycolate methacrylate 

p-Isopropyl styrene 

Bornyl methacrylate 

Triethyl carbinyl methacrylate 

Butyl mercaptyl methacrylate 

o-Chlorobenzyl methacrylate 

a-Methallyl methacrylate 

0-Methallyl methacrylate 

■Naphthyl methacrylate 

Ethyl acrylate 

CinDamyl methacrylate 

Methyl acrylate 

Terpineyl methacrylate 

Furfuryl methacrylate 



1.5196 

1.5933 

1.5680 

1.483 

1.4638 

1.6040 

1.5624 

1.5250 

1.5064 

1.5575 

1.5816 

1.4890 

1.5063 

1.5066 

1.5228 

1.4913 

1.5845 

1.4868 

1.5573 

1.5396 

1.5487 

1.5592 

1.5096 

1.5129 

1.5907 

1.4757 

1.5624 

1.552 

1.517 

1.6098 

1.608 

1.5706 

1.6818 

1.6376 

1.5714 

1.5683 

1.5868 

1.5932 

1.5874 

1.547 

1.57 

1.4855 

1.555 

1.4903 

1.554 

1.5059 

1.4889 

1.5390 

1.5823 

1.4917 

1.5110 

1.6411 

1.4685 

1.5951 

1.4793 

1.514 

1.5381 



49.0 

31.0 

36.5 

49 

51 

30 

37.5 

53 

56.9 

39.0 

30.5 

54.5 

53.4 

56 

48.5 

57.8 

27.4 

48 

34.8 

40 

37.5 

36.5 

54 

46 

30.8 

55 

36.2 

32.5 

54 

31 

22.5 

35.0 

20.9 

29 

33 

36.8 

30.3 

29.7 

32 

44 

30 

50 

36.8 

55 

35 

54.6 

57 

41.8 

37 

49 

47 

20.5 

58 

26.5 

59 

50 



* H. C. Raine, Plastic Glasses, Proc. London Conf. Opt. Instruments 1950, 243. 
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Table 6b-4. Index of Refraction of Plastics* (Continued) 
Polystyrene 







Refractive index at 


Spectral line 


Wavelength, A 














15°C 


35°C 


55°C 


A 


7,679 


1.581 2 


1.578 5 


1.575 8 


C 


6,563 


1.587° 


1.5843 


1.581 6 


Di 


5,896 


1.5923 


1.589 7 


1.586 9 


F 


4,861 


1.606 2 


1.603 4 


1.600 6 


9 


4,358 


1.617 6 


1.614 8 


1.612° 



Polycyclohexyl Methacrylate 







Refractive index at 


Spectral line 


Wavelength, A 














15°C 


35°C 


55°C 


A 


7,679 


1.501 6 


1.499 2 


1.496 4 


C 


6,563 


1.504 4 


1.502 1 


1.499 2 


Di 


5,896 


1.507 1 


1.5046 


1.501 8 


F 


4,861 


1.513 4 


1.501° 


1.508 1 


9 


4,358 


1.518 4 


1.516° 


1.513 1 





Polymethyl Methacrylate 


Spectral line 


Wavelength, 


A 


Refractive index 
at 20°C 


C 
D 
e 
F 

9 


6,563 
5,896 
5,461 
4,861 
4,358 


1.489° 
1.491 3 
1.493 2 
1.497 5 
1.501 9 
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Table 6b-5. Index of Refraction of 6ases and Vapors* 



Wave- 
length 


(n - 1)10 3 


Wave- 
length 
V- 


(n - 1)103 


Air 


O 


N 


H 


Air 


O 


N 


H 


0.4861 
0.5461 
0.5790 
0.6563 


0.2951 
0.2936 
0.2930 
0.2919 


0.2734 
0.2717 
0.2710 
0.2698 


0.3012 
0.2998 

0.2982 


0.1406 
0.1397 
0.1393 
0.1387 


0.4360 
. 5462 
0.6709 
6.709 
8.678 


0.2971 
0.2937 
0.2918 
0.2881 
0.2888 


0.2743 
0.2704 
0.2683 
0.2643 
0.2650 


co 2 

0.4506 
0.4471 
. 4804 
0.4579 


0.1418 
0.1397 
0.1385 
0.1361 
0.1361 



The values are for 0°C and 760 mm Hg. 



Substance 


Kind 
of light 


Indices of 
refraction 


Substance 


Kind 
of light 


Indices of 
refraction 


Acetone 


D 
White 

D 

D 

D 

D 
White 

D 
White 

D 
White 
White 
White 

D 

D 
White 

D 

D 

D 

D 
White 

D 


1.001079-1.001100 

1.000381-1.000385 

1.000373-1.000379 

1 . 000281 

1 001700-1.001823 

1.001132 

1 . 000449-1 . 000450 

1.000448-1.000454 

1 . 001500 

1.001478-1.001485 

1 . 000340 

1.000335 

1.000772 

1.000773 

1.001436-1.001464 

1 . 000834 

1.000784-1.000825 

1.000871-1.000885 

1.001521-1.001544 

1.000036 

1 . 000449 

1.000447 




White 

D 

D 

D 
White 

D 

D 

D 
White 

D 
White 

D 
White 

D 
White 

D 

D 
White" 

D 
White 

D 


1 000138 1 000143 


Ammonia 




1 000132 


Ammonia 


Hydrogen sulfide. . . . 


1 . 000644 
1.000623 
1 000443 




Benzene 


Bromine 




1 000444 


Carbon dioxide 

Carbon dioxide 

Carbon disulfide 


Methyl alcohol 

Methyl ether 

Nitric oxide 


1 . 000549-1 . 000623 

1.000891 

1 000303 




Nitric oxide 


1 . 000297 


Carbon monoxide. 


Nitrogen 


1.000295-1 000300 




Nitrogen 


1.000296-1 000298 


Chlorine 


Nitrous oxide 

Nitrous oxide 


1.000503-1.000507 

1.000516 

1 . 000272-1 . 000280 

1 000271 1 000272 


Chlorine 


Chloroform 


Cyanogen 




Cyanogen 




1 001711 


Ethyl alcohol. 

Ethyl ether 


Sulfur dioxide 

Sulfur dioxide 

Water 


1.000665 
1.000686 
1 000261 


Helium 


Hydrochloric acid .... 


Water 


1.000249-1 000259 









* " Smithsonian Physical Tables," 1954, Table 554. A formula was given by Biot and Arago express- 
ing the dependence of the index of refraction of a gas on pressure and temperature. More recent 

-, where n« is the index of 



1 



experiments confirm their conclusions. The formula is m — 1 = 

1 + at 760' 

refraction for temperature t, no for temperature zero, a the coefficient of expansion of the gas with 
temperature, and p the pressure of the gas in millimeters of mercury. 
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Table 6b-6. Index of Refraction for Solutions of Salts 
and Acids Relative to Air* 



Substance 



Density 



Temp., 
°C 



Indices of refraction for spectrum lines 



Hy 





Solutions in 


Water 












1.067 
0.025 
398 
0.215 
0.143 
1.166 
0.359 
0.416 
Normal 
Double 
Triple 
1.376 
0.189 
0.109 
0.035 
1.358 
0.811 
0.632 
0.221 
0.028 
1.359 
0.209 


27.05 
29.75 
25.65 
22.9 
25.8 
20.75 
18.75 
11.0 
solution 
normal 
normal 
21.6 
18.07 
18.07 
18.07 
22.8 
18.3 
18.3 
18.3 
18.3 
26.6 
26.4 


1 .37703 
0.34850 
0.44000 
0.39411 
0.37152 
1.40817 
0.39893 
0.40052 
0.34087 
0.34982 
0.35831 
1.41071 
0.37562 
0.35751 
. 34000 
1.38283 
0.43444 
0.42227 
0.36793 
0.33663 
1.39977 
0.37292 


1.37936 
0.35050 
0.44279 
0.39652 
0.37369 
1.41109 
0.40181 
0.40281 
0.34278 
0.35179 
0.36029 
1.41334 
0.37789 
0.35959 
0.34191 
1 . 38535 
0.43669 
0.42466 
0.37009 
0.33862 
1.40222 
0.37515 


1.38473 
0.35515 
0.44938 
0.40206 
0.37876 
1.41774 
0.40857 
0.40808 
0.34719 
0.35645 
0.36512 
1.41936 
0.38322 
0.36442 
0.34628 
1.39134 
0.44168 
0.42967 
0.37468 
0.34285 
1.40797 
0.38026 


1 . 35049 
0.35994 
0.36890 

1 . 38746 
0.36823 
0.34969 


1 . 39336 




0.36243 




. 46001 




0.41078 




0.38666 




1.42816 




0.41961 




0.41637 






Potassium chloride 






1.42872 
















1.40121 




0.44883 




0.43694 




0.38158 




0.34938 




1.41738 




0.38845 







Solutions in Ethyl Alcohol 





0.789 
0.932 


25.5 
27.6 
16.0 
16.0 


1.35971 
0.35372 
0.3918 
0.3831 


1.35971 
0.35556 
0.398 


1 . 36395 
0.35986 
0.361 
0.3705 




1.37094 




0.36662 


Fuchsin (nearly saturated) 

Cyanin (saturated) 


0.3759 
0.3821 



Note: Cyanin in chloroform also acts anomalously; for example, Sieben gives for a 4.5% solution 
n A = 1.4593, mb = 1.4695, n F (green) = 1.4514, mo (blue) - 1.4554. For a 9.9% solution he gives 
n A = 1.4902, fi F (green) - 1.4497, no (blue) = 1.4597. 









Solutions of Potassium Permanganate in 


Water 








Wave- 
length, 

M 


Spec- 
trum 
line 


Index 

for 1 % 

sol 


Index 

for 2 % 
sol 


Index 

for 3 % 

sol 


Index 

for 4 % 

sol 


Wave- 
length, 

M 


Spec- 
trum 
line 


Index 

for 1 % 

sol 


Index 

for 2 % 

sol 


Index 

for 3 % 

sol 


Index 

for 4 % 

sol 


0.687 
0.656 
0.617 
0.594 
0.589 
0.568 
0.553 
0.527 
0.522 


B 
C 

D 

E 


1 . 3328 
0.3335 
0.3343 
0.3354 
3353 
0.3362 
0.3366 
0.3363 
0.3362 


1.3342 
0.3348 
0.3365 
0.3373 
0.3372 
0.3387 
0.3395 

0.3377 


1.3365 
0.3381 
0.3393 

0.3412 
0.3417 

0.3388 


1 . 3382 
0.3391 
0.3410 
0.3426 
. 3426 
0.3445 
0.3438 


0.516 
0.500 
0.486 
0.480 
0.464 
0.447 
0.434 
0.423 


F 


1 . 3368 
0.3374 
0.3377 
0.3381 
0.3397 
0.3407 
0.3417 
0.3431 


1 . 3385 
0.3383 

0.3395 
0.3402 
0.3421 

0.3442 


1.3386 

0.3398 
0.3414 
0.3426 

0.3457 


1 . 3404 
0.3408 
0.3413 
0.3423 
0.3439 
0.3452 
0.3468 



* " Smithsonian Physical Tables," 1954, Table 552. 
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Table 6b-7. Index of Refraction of Special Optical Materials* 













Calcite 


Wave- 




Sylvine, 
KC1 


Calcium 
flouride 






length 


chloride 


Ordinary 


Extraordinary 










ray 


ray 


0.185 


1.893 


1.837 








0.198 






1.496 




1.578 


0.340 








1.701 


1.506 


0.589 


1.544 


1.490 


1.434 


1.658 


1.486 


0.760 






1.431 


1.650 


1.483 


0.884 


1 534 


1.481 


1.430 






1.179 


1.530 


1.478 


1.428 






1.229 








1.639 


1.479 


2.324 










1.474 


2.357 


1.526 


1.475 


1.421 






3.536 


1.523 


1.473 


1.414 






5.893 


1.516 


1.469 


1.387 






8.840 


1.502 


1.461 


1.331 









Lithium 
fluoride 


Mag- 
nesium 
oxide 


Crystalline quartz 


Rutile 


Sapphire 


X, n 


Ordi- 
nary 


Ex- 
traordi- 
nary 


Ordi- 
nary 


Ex- 
traordi- 
nary 


Ordi- 
nary 


Ex- 
traordi- 
nary 


0.185 

0.193 

0.198 

0.203 

0.214 

0.231 

0.254 

0.265 

0.280 

0.297 

0.302 

0.313 

0.340 

0.3650 

0.3654 

0.366 

0.391 

0.394 

0.405 

0.434 

0.4358 


1.4450 

1.4390 
1.4319 
1.4244 
1.41792 

1.41188 

1.40818 

1.40121 
1.39937 


1.8450 
1.8315 
1.8171 
1.8046 

1.7945 

1.77186 

1.76132 


1.65751 
1.65087 

1.61395 

1.56747 

1.55846 
1.55396 


1.68988 
1.66394 

1.62555 

1.57737 

1.56805 
1.56339 


2.853 


3.216 







* Compiled from data of Martens, Paschen, and others. 
Transmittance 10% for 1.0 mm thickness. 
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Table 6b-7. Index of Refraction of Special Optical Materials (Continued) 









Crystalline quartz 


Rutile 


Sapphire 






Mag- 














X, n 


Lithium 
fluoride 


nesium 
oxide 


Ordi- 


Ex- 
traordi- 


Ordi- 


Ex- 
traordi- 


Ordi- 


Ex- 
traordi- 








nary 


nary 


nary 


nary 


nary 


nary 


0.436 




1.75508 














0.447 




1.75325 














0.471 




1.74955 














0.4861 


1.39480 
















0.4916 










2.723 


3.047 






0.492 




1.74678 














0.4960 










2.715 


3.040 






0.50 


1.39430 
















0.508 






1.54822 


1.55746 










0.535 














1.7717 


1.7634 


0.5461 




1,74119 






2.652 


2.958 






0.5770 










2.623 


2.922 






0.5791 










2.621 


2.919 






0.588 




1.73787 














0.5893 




1.73790 


1.54424 


1.55335 






1.7681 


1.7599 


0.656 




1.73364 














0.671 




1.73304 










1.7643 


1.7563 


0.6907 










2.555 


2.836 






0.707 




1.73127 














0.7082 










2.548 


2.827 






0.768 






1.53903 


1.54794 










0.80 


1.38896 
















0.8325 






1 . 53773 


1 . 54661 










0.9914 






1.53514 


1.54392 










1.00 


1.38711 
















1.0140 




1.72259 






2.483 


2.746 






1 . 12866 




1.72059 














1 . 1592 






1.53283 


1.54152 










1.3070 






1.53090 


1.53951 










1.36728 




1.71715 














1.3958 






1.52977 


1.53832 










1.4792 






1.52865 


1.53716 










1.50 


1.38320 
















1.5296 




1.71496 






2.451 


2.709 






1.5414 






1.52781 


1.53630 










1.6815 






1.52583 


1.53422 










1.6932 




1.71281 














1.7092 




1.71258 














1.7614 






1.52468 


1.53301 










1.81307 




1.71108 














1.9457 






1.52184 


1.53004 










1.97009 




1.70885 














2,00 


1.37875 
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Table 6b-7. Index of Refraction of Special Optical Materials (Continued) 



a, M 



2.0531 

2.24929 

2.30 

2.32542 

2.50 

2.60 

3.00 

3.3033 

3.50 

3.5078 

4.00 

4.20 

4.258 

4.50 

5.00 

5.138 

5.35 

5.50 

6.00 

6.45 

6.91 

7.0 

7.53 

8.05 

8.60 

9.18 

9.79 



Lithium 
fluoride 



1.37327 
1.36660 
1.35868 
1.34942 



1.33875 
1.32661 



1.31287 
1.29745 

1.260 

1.239 
1.215 
1.190 
1.155 
1.109 



Mag- 
nesium 
oxide 



1.70470 
1.70350 

1.68526 
1.68055 

1.66039 



1.63138 
1.62404 



Crystalline quartz 



Ordi- 
nary 



1.52005 
1.51561 



1.50986 
1.49953 

1.48451 

1.46617 
1.4569 



1.417 

1.274 
1.167 



Ex- 
traordi- 
nary 



Rutile 



1.52823 



Ordi- 
nary 



Ex- 
traordi- 
nary 



Sapphire 



Ordi- 
nary 



Ex- 
traordi- 
nary 
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Table 6b-7. Index of Refraction of Special Optical Materials (Continued) 



X, M 


Sphalerite, ZnS 


Spinel 


Strontium titanate 






0.3650 


2.679 










0.3654 


2.676 










0.3663 


2.673 










0.3906 


2.583 










0.4047 


2.549 




2.649 






0.4077 


2.540 










0.4358 


2.490 




2.569 






0.4861 




1.736 


2.488 






0.4916 


2.426 










0.5461 


2.390 




2.435 






0.5780 


2.375 










0.5893 




1.727 


2.409 






0.6563 




1.724 


2.380 






1.5296 1 2.284 












X,M 


Arsenic 

trisulfide 

glass 


Calcium 
fluoride 


Germanium 


Pyrite 


Amorphous 
selenium 


Silicon 


0.19 




1.50500 










0.20 




1.49531 










0.26 




1.46397 










0.30 




1.45400 










0.40 




1.44186 










0.50 




1.43649 










0.579066 


2.65822 












0.643847 


2.59413 












819 




1.43179 






2.589 




1.00 




1.42892 










1.01398 


2.47230 








2.520 




1 014 














1 . 12866 


2.45897 












1.35703 


2.44244 












1.39506 


2.44050 












1 40 




1.42677 










1.52952 


2.43474 












1.6932 


2.42965 












1 80 




1.42489 










1.97009 


2.42341 












2 00 




1.42390 






2.45 




2.32542 


2.41848 












3 00 




1.41793 










3.3033 


2.41134 












3.4188 


2.41068 












4 00 






1.40971 


2.2 








4.17 







2.80 





1.5 
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Table 6b-7. Index of Refraction of Special Optical Materials (Continued) 



X, fx 



4.55 

5.00 

5.344 

6.238 

6.25 

7.00 

7.14 

7.30 

7.69 

8.00 

8.33 

8.662 

9.00 

9.724 

10.00 

11.035 

12.5 

14.5 

15.4 



Arsenic 

trisuliide 

glass 



2.39900 
2.39718 



2.38734 
2.38029 
2.37055 



Calcium 
fluoride 



1 . 39901 



1.36932 



1.34988 



1.32685 



Germanium 



2.75 

3.0 
3.4 

3.65 

4 
4 



Pyrite 



2.80 



3.0 



2.80 



Amorphous 
selenium 



2.70 



1.90 



Silicon 



1.5 



1.75 



2.05 



2.60 



2.9 



3.1 



X, fi 


Cesium 
bromide 


Cesium 
iodide 


Potassium 
bromide 


Silver 
chloride 


Sodium 
chloride 


Thallium 
bromide- 
iodide 


19 




1.8823 
1.8785 






1.85343 
1.79073 

1.71591 
1.67197 

1.64294 

1 . 62239 
1.60714 

1.58232 




0.20 








0.206 
0.210 
0.214 
0.22 


1 
1 
1 


.9860 
.9374 
9003 




0.225 

0.24 

0.249 

0.254 

0.26 


1 
1 
1 
1 


8223 
7576 
7330 
7198 




0.265 

0.28 

0.289 

0.302 

0.334 

0.35 


1 

1 

1 

1. 

1. 


6950 

67125 

65976 

64603 

62093 




0.3610 
0.365 
0.366 1 


1.60391 
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Table 6b-7. Index of Refraction of Special Optical Materials (Continued) 















Thallium 




Cesium 


Cesium 


Potassium 


Silver 


Sodium 


bromide- 


A, tl 


bromide 


iodide 


bromide 


chloride 


chloride 


iodide 


0.391 






1.59444 








0.40 


1.73519 








1.56759 




0.4047 




1.8475 


1.58975 








0.4358 




1.8303 


1.58147 








0.4861 






1.57179 








0.50 


1.70896 






2.09648 


1.55175 




0.5086 






1.56848 








0.5461 




1.7951 


1.56393 








0.5791 




1.7888 










0.60 


1.69583 






2.06385 




2.60591 


0.6438 




1.7793 


1.55585 








0.70 


1.68825 




1.55276 


2.04590 


1.53881 


2.53262 


0.8521 




1.7630 










1.0 


1.67793 






2.02239 


1.53216 


2.44789 


1.0140 




1.7569 


1.54410 








1.6932 




1.7470 










1.7012 






1.53901 








2.0 


1.67061 






2.00615 


1.52670 


2.39673 


3.0 


1.66901 






2.00239 


1.52434 


2.38760 


3.418 




1.7436 










3.419 






1.53612 








5.0 


1.66737 






1.99745 


1.51899 


2.38173 


9.724 




1.7395 


1.52689 








10.0 


1.66251 






1.98034 


1.49482 


2.37274 


14.98 






1.5128 








15.0 


1.65468 






1.95113 


1.45145 


2.36030 


15.48 




1.7341 










16.0 


1.65272 






1.94358 


1.44001 


2.35724 


17.0 


1.65062 






1.93542 


1.42753 


2.35398 


18.0 


1.64838 






1.92660 


1.41393 


2.35051 


19.0 


1 . 64600 






1.91710 


1.39914 


2.34683 


19.01 






1.4970 








20.0 


1.64348 






1.90688 


1.38307 


2.34294 


20.5 








1.90149 






20.57 




1.7268 










21.18 






1.4866 








21.3 


1.63997 








1.352 




21.83 






1.4830 




1.318 




22.8 


1.63561 








1.299 




23.6 


1.63313 












23.86 






1.4713 








23.87 




1.7212 










24.2 


1.63121 








1.278 




25.0 


1.62856 








1.254 


2.32017 


25.14 






1.4631 
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Table 6b-7. Index of Refraction of Special Optical Materials (Continued) 





Cesium 


Cesium 


Potassium 


Silver 


Sodium 


Thallium 
bromide- 
iodide 


X, fl 


bromide 


iodide 


bromide 


chloride 


chloride 


25.8 


1.62580 








1.229 




26.6 


1.62293 








1.203 




26.63 




1.7157 










27.3 


1.62033 








1.175 




29.82 




1.7085 










30.0 


1.60947 










2.29154 


33.0 


1.59576 


1.7004 








2.27131 


35.0 


1.58558 










2.25647 


35.84 




1.6921 










36.0 


1.58016 










2.24862 


37.0 


1.57450 










2.24068 


38.0 


1.56860 










2.23205 


38.5 


1.56556 










2.22772 


39.0 


1.56245 










2.22331 


39.2 


1.56119 












39.22 




1.6810 








2.21882 


39.5 












2.21882 


44.05 




1.6635 










45.04 




1.6597 










47.06 




1.6508 










48.08 




1.6456 










49.16 




1.6411 











References for Table 6b-7 

1. Lithium Fluoride. Data at temperature of 20°C for wavelengths 0.193 to 0.23 1/* 
taken from Z. Gyulai, Z. Physik 46, 84 (1927) ; at 20°C for 0.254 to 0.486m taken 
from H. Harting, Sitzber. deut. Akad. Wiss. Berlin IV, 1948; at 23.6°C for 0.50 to 
6.0m from L. W. Tilton and E. K. Plyler, /. Research Natl. Bur. Standards 47, 
25 (1951); at 18°C for 6.91 to 9.79/* taken from H. W. Hohls, Ann. Physik 29, 
433 (1937). 

2. Magnesium Oxide. Data at temperature of 23°C for wavelengths 0.25 to 0.707m 
(except for datum at 0.3650m) taken from J. Strong and R. T. Brice, J. Opt. Soc. 
Am. 26, 207 (1935); at 23.3°C for 1.0140 to 5.35m (plus datum at 0.3650m) taken 
from R. E. Stephens and I. H. Malitson, /. Research Natl. Bur. Standards 49, 
252 (1952). 

3. Crystalline Quartz. Data at temperature of 18°C for wavelengths 0.185 to 0.768m 
taken from F. A. Martens, Ann. Physik 6, 603 (1901) [similar data given by J. W. 
Gifford, Proc. Phys. Soc. (London) 70, 329 (1902), and by H. Trommsdorff, 
Physik. Z. 2, 576 (1901)]. See R. B. Sosman, "The Properties of Silica," Chemical 
Catalog Company, Inc., New York, 1927, for a collation of the above data. At 
20°C for 0.8325 to 2.30m taken from A. Carvallo, Compt. rend. 126, 728 (1898). 
At 18°C for 2.60 to 7.0m taken from H. Rubens, Wied. Ann. 64, 488 (1895). 

4. Rutile. Data for wavelengths 0.435 to 1.5296m taken from J. R. DeVore, J. Opt. 
Soc. Am. 41, 418 (1951). (No temperature given.) 

5. Sapphire. Data for natural corundum at room temperature for wavelengths 
0.535, 0.589, and 0.671m taken from R. Brouns, Centrabe Mineral 673 (1909); 
data for wavelengths 0.4861 and 0.6563m taken from "Synthetic Sapphire, Ruby, 
and Spinel," p. 23, The Linde Air Products Company, New York, 1946. 



6-30 optics 

6. Fused Silica. Data at temperature of 18°C for wavelengths 0.185 to 0.5893/* 
taken from H. Trommsdorf, Physik. Z. 2, 576 (1901) (except for datum at 0.23m); 
at 18°C at wavelengths 0.231 and 0.768m taken from J. W. Gifford, Proc. Phys. 
Soc. (London) 70, 329 (1902); at 18°C for 0.886 to 2.595m taken from A. Carvallo, 
Compt. rend. 126, 728 (1898) (except for datum at 1.028**); at 18°C for 1.028m 
taken from C. Muller and A. Wetthauer, Z. Physik 86, 559 (1938); at 24°C for 
3.5078m taken from W. S. Rodney and R. J. Spindler, J. Opt. Soc. Am. 44, 678 
(1954). 

7. Sphalerite. Data for wavelengths 0.3650 to 1.5296m taken from J. R. DeVore, 
J. Opt. Soc. Am. 41, 417 (1951). (No temperature given.) 

8. Spinel. Data taken from "Synthetic Sapphire, Ruby, and Spinel/' p. 23, The 
Linde Air Products Company, New York, 1946. 

9. Strontium Titanate. Data taken from private communication with W. B. 
Anderson, Titanium Pigment Corporation, July 9, 1954. 

10. Arsenic Trisulfide Glass. Data at a temperature of 24°C for wavelengths 0.579066 
to 11.035m measured by the National Bureau of Standards and taken from 
literature from the American Optical Company and the Servo Corporation of 
America. 

11. Calcium Fluoride. Data at a temperature of 20°C for wavelengths 0.19 to 9.00m 
taken from F. Kohlrausch, "Praktische Physik," 18th ed., vol. 2, pp. 528-529, 
Mary S. Rosenberg, New York, 1947. 

12. Germanium. Data for wavelengths 4.17 to 12.5m taken from private communica- 
tion from I. Simon, J. Opt. Soc. Am. 41, 730 (1951). 

13. Pyrite. Data from same source as data for germanium (see above). 

14. Amorphous Selenium. Data for wavelengths 0.819 to 2.00m taken from H. A. 
Gebbie and E. W. Saker, Proc. Phys. Soc. (London) 864, 360 (1951). 

15. Silicon. Data from same source as data for germanium (see above). 

16. Cesium Bromide. Data at temperature of 27°C for wavelengths 0.40 to 39.2m 
taken from W. S. Rodney and R. J. Spindler, J. Research Natl. Bur. Standards 61, 
126 (1953). 

17. Cesium Iodide. Data at temperature of 24°C for wavelengths 0.3610 to 49.16m 
taken from private communication from W. S. Rodney, National Bureau of 
Standards, August, 1954. 

18. Potassium Bromide. Data at temperature of 48°C at wavelengths 0.206 and 
0.210m taken from Z. Gyulai, Z. Physik 46, 80 (1927); at 20°C for wavelengths 
0.214 to 0.391m from H. Harting, Sitzber. deut. Akad. Wiss. Berlin no. IV, 1948; 
at 22°C for 0.40 to 0.70m from R. J. Spindler and W. S. Rodney, J. Research Natl. 
Bur. Standards 49, 258-260 (1952); at 22°C for 1.0140 to 25.14m from private 
communication from Stephens, Plyler, Rodney, and Spindler, National Bureau 
of Standards, March, 1952. 

19. Silver Chloride. Data at temperature of 23.9°C at wavelengths 0.50 to 20.5m 
taken from L. W. Tilton, E. K. Plyler, and R. E. Stephens, J. Opt. Soc. Am. 40, 
543 (1950). 

20. Sodium Chloride. Data at temperature of 20°C for wavelengths 0.19 to 21.0m 
taken from F. Kohlrausch, "Praktische Physik," 18th edition, vol. 2, pp. 528-529, 
Mary S. Rosenberg, New York, 1947; at 18°C for 21.3 to 27.3m from H. W. Hohls, 
Ann. Physik 29, 433 (1937). 

21. Thallium Bromide-iodide. Data at temperature of 27°C for wavelengths 0.60 to 
39.5m taken from L. W. Tilton, E. K. Plyler, and R. E. Stephens, J. Research 
Natl. Bur. Standards 43, 86 (1949). These data are less (by approximately 
5 per cent) than those reported by G. Hettner and G. Leisegang, Optik 3, 305 
(1948), but the percentage of thallium iodide differed in the samples studied by 
the two respective groups. The difficulties with the consistent preparation of 
this material have been analyzed by A. Smakula, J. Kalnajs, and V. Sils, /. Opt. 
Soc. Am. 43, 698-701 (1953). 
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A, M 


Index 


X, n 


Index 


X, At 


Index 


0.185 


1.57464 


0.56 


1.459561 


1.50 


1.444687 


0.214 


1.53386 


0.57 


1.459168 


1.60 


1.443492 


0.275 


1.49634 


0.58 


1.458794 


1.70 


1.442250 


0.34 


1.47877 


0.59 


1.458437 


1.80 


1.440954 


0.35 


1.47701 


0.60 


1.458096 


1.90 


1.439597 


0.36 


1.47540 


0.61 


1.457769 


2.00 


1.438174 


0.37 


1.47393 


0.62 


1.457456 


2.10 


1.436680 


0.38 


1.47258 


0.63 


1.457156 


2.20 


1.435111 


0.39 


1.47135 


0.64 


1.456868 


2.30 


1.433462 


0.40 


1.470208 


0.65 


1.456591 


2.40 


1.431730 


0.41 


1.469155 


0.66 


1.456324 


2.50 


1.429911 


0.42 


1.468179 


0.67 


1.456066 


2.60 


1.428001 


0.43 


1.467273 


0.68 


1.455818 


2.70 


1.425995 


0.44 


1.466429 


0.69 


1.455579 


2.80 


1.423891 


0.45 


1.465642 


0.70 


1.455347 


2.90 


1.421684 


0.46 


1.464908 


0.80 


1.453371 


3.00 


1.41937 


0.47 


1.464220 


0.90 


1.451808 


3.10 


1.41694 


0.48 


1.463573 


1.00 


1.450473 


3.20 


1.31440 


0.49 


1.462965 


1.10 


1.449261 


3.30 


1.41173 


0.50 


1.462394 


1.20 


1.448110 


3.40 


1.40893 


0.51 


1.461856 


1.30 


1.446980 


3.50 


1.40601 


0.52 


1.461346 


1.40 


1.445845 






0.53 


1 .460863 










0.54 


1.460406 










0.55 


1.459973 











Note. Biggest deviation from above values was 40 X 10 ~ 6 on a General Electric sample; other 
samples measured were from Ueraeus and Corning. 

* Most of the data in this table came from W. S. Rodney and R. J. Spindler, Index of Refraction of 
Fused Quartz Glass, J. Research Natl. Bur. Standards 53, 185 (September, 1954). 
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Table 6b-9. Refractive Indices of Optical Glasses Made at National 
Bureau of Standards* 









A typical glass 




Name 


Nominal 


V 




Density 














TlD 




UD 


7lG' 


7lF 


nc 


V 




BSC 511 


1.5110 


63.5 


1.51100 


1.52118 


1.51666 


1.50861 


63.5 


2.48 


BSC 517 


1.5170 


64.5 


1.51700 


1.52709 


1.52263 


1.51461 


64.5 


2.51 


BSC 536 


1.5359 


64.4 


1.53598 


1 . 54645 


1.54182 


1.53349 


64.3 


2.56 


LC 513 


1.5125 


60.5 


1 51250 


1.52312 


1.51845 


1.50999 


60.6 


2.55 


LC 523 


1.5230 


58.6 


1.52300 


1.53433 


1.52928 


1.52037 


58.7 


2.52 


LC 529 


1.5288 


58.3 


1.52882 


1.54035 


1.53520 


1.52613 


58.3 




BaC 541 


1.5411 


59.9 


1.54110 


1.55259 


1.54746 


1.53843 


59.9 


2.85 


BaC 573 


1.5725 


57.4 


1.57250 


1.58518 


1.57951 


1.56958 


57.6 


3.21 


BaC 574 


1.5744 


57.7 


1.57440 


1.58710 


1.58143 


1.57149 


57.8 


3.21 


BaC 611 


1.6109 


57.2 


1.61090 


1.62451 


1 . 61843 


1 . 60777 


57.3 


3.48 


BaC 611 


1.6110 


58.8 


1.61100 


1.62421 


1 . 61832 


1.60793 


58.8 


3.58 


BaC 617 


1.6170 


55.0 


1.61700 


1.63135 


1.62492 


1.61372 


55.1 


3.66 


BaC 620 


1.6191 


59.5 


1.61919 


1.63242 


1.62652 


1.61611 


59.5 


3.60 


CF 529 


1.5286 


51.6 


1.52860 


1.54181 


1.53587 


1.52561 


51.5 


2.73 


F 573 


1.5725 


42.5 


1.57250 


1.59056 


1.58212 


1.56862 


42.4 


3.28 


F 580 


1.5795 


41.0 


1.57950 


1.59816 


1.58966 


1.57548 


40.9 


3.24 


F 605 


1.6050 


38.0 


1.60500 


1.62604 


1.61639 


1.60046 


38.0 


3.49 


F 617 


1.6170 


36.6 


1 . 61700 


1.63931 


1.62906 


1.61220 


36.6 


3.60 


F 621 


1.6210 


36.2 


1.62100 


1.64369 


1.63326 


1.61612 


36.2 


3.64 


F 649 


1.6490 


33.8 


1.64900 


1.67462 


1.66278 


1.64354 


33.7 


3.90 


F 666 


1.6660 


32.4 


1.66600 


1.69335 


1.68069 


1.66021 


32.5 


4.03 


F 673 


1.6725 


32.2 


1.67250 


1.70046 


1.68752 


1.66660 


32.1 


4.08 


F 689 


1.6890 


30.9 


1 . 68900 


1.71867 


1.70491 


1.68275 


31.1 


4.24 


F 720 


1.7200 


29.3 


1.72000 


1.75309 


1.73769 


1.71309 


29.3 


4.51 


F 754 


1.7543 


27.7 


1.75437 


1.79132 


1 . 77406 


1.74671 


27.6 


4.79 


BF 584 


1.5838 


46.0 


1.58380 


1.60024 


1.59279 


1.58015 


46.2 


3.21 


BF 588 


1.5880 


53.4 


1.58800 


1.60210 


1.59577 


1.58479 


53.5 


3.33 


BF 605 


1.6053 
1.714 


43.6 
53.1 


1.60530 


1.62350 


1.61520 


1.60130 


43.5 


3.47 




Rare-earth glasses 




714/531 


1.7143 


1.7315 


1 . 7238 


1.7103 


53.1 




705/540 


1.705 


54.0 


1.7049 


1.7216 


1.7142 


1.7011 


54.0 




682/553 


1.682 


55.3 


1.6819 


1.6976 


1.6906 


1.6782 


55.3 




673/562 


1.673 


56.2 


1.6733 


1.6885 


1.6817 


1.6697 


56.2 




656/582 


1.656 


58.2 


1.6555 


1.6698 


1.6634 


1.6522 


58.2 




639/597 


1.639 


59.7 


1.6395 


1.6531 


1.6470 


1.6363 


59.7 




610/620 


1.610 


62.0 


1 . 6096 


1.6220 


1.6165 


1.6067 


62.0 





* Compiled by J. C. Baker, Harvard College Observatory. 
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Table 6b-10. Index of Refraction for Some New Glasses* 



Origin 


Type 




Indices of refraction 


M 


















A' 


C 


D 


F 


G' 


NBS 


610/620 


62.0 




1.6067 


1.6096 


1.6165 


1.6220 


NBS 


639/597 


59.7 




1.6363 


1.6395 


1.6470 


1.6531 


NBS 


656/582 


58.2 




1.6522 


1.6555 


1.6634 


1.6698 


EK... 


EK-110 


56.2 


1 . 68877 


1.69313 


1.69680 


1.70554 


1.71255 


NBS 


673/562 


56.2 




1.6697 


1.6733 


1.6817 


1.6885 


Hay........ 


651/558 


55.8 




1.64757 


1.65100 


1.65924 


1.66590 


NBS 


682/553 


55.3 




1.6782 


1.6819 


1.6906 


1 . 6976 


NBS 


705/540 


54.0 




1.7011 


1 . 7049 


1.7142 


1.7216 


NBS 


714/531 


53.1 




1.7103 


1.7143 


1.7238 


1.7315 


Hay 


671/520 


52.0 




1.66724 


1.67100 


1.68018 


1 . 68772 


EK 


EK-210 


51.2 


1.72482 


1.72979 


1.73400 


1.74413 


1.75235 


Corn'g 


8313 


47.8 




1.69639 


1.70065 


1.71104 




EK 


EK-330 


47.2 


1.74499 


1.75043 


1.75510 


1.76643 


1.77571 


EK 


EK-310 


46.4 


1.73491 


1 . 74033 


1.74500 


1.75638 


1.76577 


EK 


EK-320 


45.8 


1.73432 


1 . 73978 


1.74450 


1.75603 


1 . 76557 


EK 


EK-450 


41.8 


1.79180 


1.79814 


1.80370 


1.81738 


1.82880 


EK 


EK-448 


41.1 


1.86714 


1.87420 


1.88040 


1.89564 


1.90827 



Corn'g, Corning Glass Works. 
EK, Eastman Kodak Company. 
Hay, Hayward Scientific Glass Corp. 
NBS, National Bureau of Standards. 

* I. C. Gardner, New Types of Optical Glasses Available in the United States, Proc. London Conf. 
Opt. Instruments, p. 241, 1950. 
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Fig. 6b-l. Relationship of Nd (index of refraction of the Fraunhofer D line) to v (dis- 
persion) for optical glasses. 
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Table 6b-ll. Refractive Indices of Quartz at Various Temperatures 
[Measured by Rinne and Kolb (1910) and Recalculated as Absolute Indices]* 



Solar 
line 



Wave- 
length, 

Uifi 



- 140°C 



-45°C 



23°C 



115°C 



212°C 



305°C 



410°C 



550°C 



580°C 



650°C 



765°C 



Extraordinary Index n% 



G'(Hy) 


434.047 




1 . 5633 


1.5634 


1.5629 


1 . 5623 


1.5615 


1 . 5598 


1.5551 


1 . 5503 


1.5521 


1.5532 


(d) 


466.8 




1.5609 


1.5608 


1.5603 


1.5597 


1.5588 


1.5572 


1 . 5526 


1.5478 


1 . 5492 


1 . 5506 


F 


486.133 


1 . 5594 


1 . 5594 


1.5593 


1.5589 


1.5581 


1 . 5573 


1.5558 


1.5512 


1.5464 


1.5475 


1 . 5490 


(c) 


495.75 




1 . 5587 


1.5587 


1.5582 


1 . 5576 


1 . 5567 


1.5552 


1 . 5503 


1 . 5456 


1.5468 


1.5481 


bz 


517.27 




1 , 5574 


1.5574 


1.5568 


1 . 5562 


1.5553 


1 . 5538 


1 . 5488 


1.5442 


1.5454 


1.5469 


D* 


588.997 


1.5541 


1 . 5539 


1.5537 


1 .5532 


1 . 5526 


1.5515 


1.5499 


1.5451 


1 . 5405 


1.5417 


1,5431 


a 


627.8 


1.5526 


1 . 5525 


1.5522 


1.5517 


1.5510 


1 . 5500 


1 . 5486 


1.5437 


1.5889 


1 . 5403 


1.5416 


C 


656.278 




1.5516 


1.5513 


1.5508 


1.5502 


1.5491 


1.5475 


1.5427 


1 . 5380 


1.5393 


1.5406 


B 


687.2 


1.5506 


1.5506 


1.5504 


1 . 5499 


1.5492 


1 . 5481 


1.5466 


1.5419 


1 . 5369 


1.5383 


1.5397 


a 


718.9 




1 . 5499 


1.5495 


1.5490 


1.5483 


1.5472 


1.5458 


1 . 5408 


1.5362 


1.5375 


1.5388 











Ordinary Index 


U(0 












O'(Hy) 


434.047 




1 . 5539 


1.5540 


1.5536 


1.5531 


1.5523 1.5510 


1.5469 


1.5425 


1.5439 


1 . 5454 


(d) 


466.8 




1.5515 


1.5514 


1.5511 


1.5506 1.5498 1.5483 


1 . 5442 


1 . 5400 


1.5414 


1.5429 


F 


486.133 


1.5504 


1.5501 


1.5500 


1 . 5497 


1.5491 


1 . 5483 


1 . 5469 


1 . 5426 


1 . 5385 


1 . 5399 


1.5414 


(c) 


495.75 




1.5494 


1.5494 


1.5491 


1.5485 


1.5477 


1 . 5465 


1.5421 


1 . 5379 


1 . 5393 


1 . 5406 


6a 


517.27 




1 . 5481 


1 . 5481 


1.5476 


1 . 5472 


1.5463 


1 . 5452 


1.5407 


1.5363 


1.5377 


1.5392 


D 2 


588.997 


1.5449 


1.5448 


1 . 5446 


1.5441 


1.5437 


1.5428 


1.5414 


1.5370 


1.5329 


1.5341 


1.5356 


a 


627.8 


1.5434 


1 . 5434 


1.5431 


1.5427 


1.5422 


1.5413 


1.5401 


1 . 5357 


1.5314 


1.5328 


1 . 5340 


C 


656.278 




1.5425 


1 . 5423 


1.5418 


1.5414 


1 . 5405 


1 . 5390 


1.5349 


1 . 5304 


1.5319 


1.5331 


B 


687.2 


1.5417 


1.5416 


1.5414 


1.5410 


1 . 5405 


1 . 5395 


1.5382 


1,5337 


1.5296 


1.5309 


1.5321 


a 


718.9 




1 . 5408 


1 . 5405 


1.5401 


1.5396 


1 . 5386 


1 . 5374 


1.5327 


1.5288 


1.5301 


1.5313 



* R. B. Sosman, "The Properties of Silica," Chemical Catalog Company, Inc., New York. 
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Table 6b-12. Liquids Used for Determining Refractive Index 
by Transmission Method* 

Liquid Nd, 24°C 

Trimethylene chloride 1 . 446 

Cineole 1 456 

Hexahydrophenol 1 . 466 

Decahydronaphthalene 1 . 477 

Isoamylphthalate 1 . 486 

Tetrachloroethane 1 • 492 

Pentachloroethane 1 . 501 

Trimethylene bromide 1 . 513 

Chlorobenzene 1 . 523 

Ethylene bromide -+- chlorobenzene 1 . 533 

o-Nitro toluene 1 . 544 

Xylidine 1.557 

o-Toluidine . 1570 

Aniline. 1 .584 

Bromof orm 1 . 595 

Iodobenzene + bromobenzene 1 .603 

Iodobenzene + bromobenzene. . . 1 .613 

Quinoline 1 . 622 

a-Chloronaphthalene ... 1 . 633 

a-Bromonaphthalene + a-chloronaphthalene 1 . 640-1 . 650 

a-Bromonaphthalene + a-iodonaphthalene 1 .660-1 .690 

Methylene iodide + iodobenzene 1 .700-1 .730 

Methylene iodide 1 . 738 

Methylene iodide saturated with sulfur . 1 . 78 

Yellow phosphorus, sulfur, and methylene iodide f (8:1:1 

by weight) 2.06 

* "Handbook of Chemistry and Physics," 36th ed., p. 2669, Chemical Rubber Publishing Company, 
1954-1955. 

t Can be diluted with methylene iodide to cover'range 1.74-2.06. For precautions in use, cf. West, 
Am. Mineral 21, 245-249 (1936). 
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6c-l. Definitions and Tables. Two important optical properties of a material are 
its refractive index n and its absorption coefficient a; both vary with wavelength. The 
absorption coefficient represents the fraction of radiant intensity lost by absorption 
per unit thickness of material, for very small thicknesses. Its value depends strongly 
on the purity of the sample and may vary widely for materials from different sources 
or prepared by different methods. Representative values are given in Table 6c-l for 
several crystalline materials and for fused silica. 

The internal transmittance Ti of a material is related to the absorption coefficient by 

Ti = L = e -at 

where / is the intensity of the radiation transmitted by the first surface of a plate of 
material of thickness t } and / is the intensity of the flux incident on the second surface. 
Values of I Q and J measured in air outside the sample must be corrected for surface 
reflection loss before being used in computing absorption coefficient. It can be seen 
from the equation that the units of absorption coefficients are reciprocal length, and 
that the reciprocal of a is the absorption distance through which the intensity of 
radiation is reduced to 1/e, or 36.8 per cent, of its original value. 

Other optical constants commonly used include the extinction coefficient k and the 
absorption constant k; these are related to absorption coefficient by 

__ k _ a\ 
n 4irn 



where X is the wavelength of light. 
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Table 6c-1. Absorption Coefficients of Various Substances 

(cm" 1 ) 
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X, ix 


Calcium 
fluoride 


Lithium 
fluoride 


Mag- 
nesium 
oxide 


Po- 
tassium 
bromide 


Crystal- 
line 
ordinary 


Quartz 
extraor- 
dinary 


Silica 
fused 


Sodium 
chloride 


2.4 










0.009 


0.02 


0.016 




2.5 










0.027 


0.05 


0.02 




3.0 










0.50 


0.17 


0.15 




3.5 
4.0 










0.90 
1.8 


0.90 
1.8 


0.31 
2.0 




4.5 
5.0 
5.5 




0.15 






7.2 

65 


7.2 
65 


7.1 

28 




6.0 




0.50 














6.5 




1.3 














7.0 


0.04 


2.4 


2.0 












7.5 


0.09 


4.1 














8.0 


0.19 


7.0 


6.0 












8.5 


0.36 
















9.0 


0.62 


13 


15 












9.5 


1.02 
















10.0 


1.7 


31 


50 












11.0 
12.0 
14.0 
15.0 


4.6 
11.0 


60 

160 

500 

2,000 


16 
42 










0.006 
0.013 
0.10 
20 


16.0 
20.0 
24.0 
26.0 
28.0 
30.0 
32.0 








0.01 

0.072 

0.25 

0.79 

2 








0.32 
3.3 

14 

21 

50 
100 


38.0 








7 










40.0 








12 










45.0 








36 











References for Table 6c-l 

1. Calcium Fluoride. Taken from graph computed from transmittance curve in 
S. S. Ballard, ed., "The Optical and Other Physical Properties of Infrared Optical 
Materials," p. 61, final report for ERDL Contract W-44-009 eng-473 1949 

2. Lithium Fluoride. H. W. Hobbs, Ann. Physik 29, 433 (1937) 

3. Magnesium Oxide. E. Burstein, J. J. Oberly, and E. K. Plyier, Proc. Ind. Acad 
Set. 38, 388 (1948). 

4. Potassium Bromide. Z. Mentzel, Z. Physik 88, 178 (1934). 

5. Crystalline Quartz. See ref. 1 for ordinary ray; for extraordinary ray D G 
Drummond, Proc. Roy. Soc. (London) , ser. A, 153, 328 (1935). 

6. Fused Silica. See ref. 1. 

7. Sodium Chloride. See ref. 1. * 
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Table 6c-2. Extinction Coefficients in the Infrared* 
(cm- 1 ) 



X, M 


Germanium 


Silicon 


Pyrite 


4.17 


1.9 


1.35 





4.55 


1.9 


1.35 





6.25 


1.5 


1.30 





7.14 


1.2 


1.13 




7.69 






0.42 


8.33 


0.73 


0.52 




10.0 





0.14 


0.55 


12.5 





0.15 




15.4 






0.67 



* Private communication from I. Simon. For graphical presentation, see. I. Simon, J* Opt. Soc. Am. 
41, 730 (1951). 

6c-2. Notes on Absorption and Transmission of Optical Materials. Approximate 
spectral absorption characteristics of several optical materials are given on pages 
116-124 of Office of Technical Services (U. S. Department of Commerce) publication 
No. 111053 of October, 1952: "Physical Properties of Optical Crystals with Special 
Reference to Infrared," by Alexander Smakula. He gives data for a so-called extinc- 
tion coefficient, K 10f which is the common-logarithm analog of absorption coefficient: 
the reciprocal of Kio is the absorption distance through which the intensity of radiation 
is reduced to Ko, or 10 per cent, of its original value. Absorption coefficients, a, 
can be obtained by multiplying values of Kio by 2.303. 

There are many materials of importance for which absorption coefficients are not 
available in the literature; however, the references listed below present transmittance 
data from which approximate values of absorption coefficients can be computed. 

1. Amorphous Selenium. Transmission curves, for five thicknesses from 0.06 to 
0.62 cm, to 25 M given. See H. A. Gebbie and C. E. Cannon, /. Opt. Soc. Am. 42, 
277L (1952). . 

2. Arsenic Trisulfide Glass. Transmission curves up to 13m given. See R. Frencns, 
J. Opt. Soc. Am. 43, 1153 (1953). 

3. Barium Fluoride, Cadmium Fluoride, Lead Fluoride, and Strontium Fluoride, bee 
D. A. Jones, R. V. Jones, and R. W. H. Stevenson, Proc. Phys. Soc. (London), 
ser. B, 85, 906 (1952). For cadmium fluoride, see also H. M. Haendler, C. M. 
Wheeler, and W. J. Bernard, /. Opt Soc. Am. 43, 215 (1953). 

4 Cesium Bromide. A transmittance curve from 0.32 to 38/z is given for a 7-mm- 
thickness sample by E. K. Plyler and F. P. Phelps, J. Opt. Soc. Am. 41, 209L 
(1951). 

5. Cesium Iodide. A transmittance curve from 0.22 to 38 M is given for a 3-mm- 
thickness sample by E. K. Plyler *nd F. P. Phelps, J. Opt. Soc. Am. 42, 432L 
(1952). This material probably transmits to a wavelength of 52m. 

6 Rutile. The transmission for a sample of thickness 1.86 mm from 2 to 8/* is given 
in S. S. Ballard, ed., "The Optical and Other Physical Properties of Infrared 
Optical Materials," p. 61, final report for ERDL Contract W-44-009 end-473, 
1949. 

7. Sapphire. The transmission for a sample of thickness 0.5 cm from 2 to 6m is 
given in the same source as referred to for rutile. ^ 

8. Silver Chloride. The transmission for a sample of thickness 0.6 cm from 2 to 26m 
is given in the same source as referred to for rutile. 

9. Spinel. See G! Calingert, S. K. Heron, and R. Stair, Trans. Soc. Automotive 
Engrs. 31, 448 (1936). 
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10. Strontium Titanate. Transmittance curves for the visible region for 1.0- and 
1.1-mm samples are given in private communication with W. B. Anderson, 
Titanium Pigment Corporation, July 9, 1954. 

11. Thallium Bromide-iodide. The transmission for a sample of thickness 0.4 cm 
to a wavelength of 38/* in the same source as referred to for rutile. 

Table 6c-3 

CONVERSION TABLE 
OPTICAL DENSITY VS PERCENT TRANSMISSION 



0.00 100.00 
0.01 97.72 
0.02 95.50 
0.03 93.33 
0.04 91.20 
0.05 39.13 

0.06 87.10 

0.07 85.11 

0.08 83.18 

0.09 81.28 

0.10 79.43 

0.11 77.62 

0.12 75.86 

0.13 74.13 

0.14 72.44 

0.15 70.79 

0.16 69.18 

0.17 67.61 

0.18 66.07 

0.19 64.57 

0.20 63.10 

0.21 61.66 

0.22 60.26 

0.23 58.88 

0.24 57.54 

0.25 56.23 

0.26 54.95 

0.27 53.70 

0.28 52.48 

0.29 51.29 

0.30 50.12 

0.31 48.98 

0.32 47.86 

0.33 46.77 

0.34 45.71 

0.35 44.67 

0.36 43.65 

0.37 42.66 

0.38 41.69 

0.39 40.74 

0.40 39.81 

0.41 38.90 

0.42 38.02 

0.43 37.15 

0.44 36.31 

0.45 35.48 

0.46 34.67 

0.47 33.88 

0.48 33.11 

0.49 32.36 

0.50 31.62 



i I! 



0.50 31.62 

0.51 30.90 

0.52 30.20 

0.53 29.51 

0.54 28.84 

0.55 28.18 

0.56 27.54 

0.57 26.92 

0.58 26.30 

0.59 25.70 

0.60 25.12 

0.61 24.55 

0.62 23.99 

0.63 23.44 

0.64 22.91 

0.65 22.39 

0.66 21.88 

0.67 21.38 

0.68 20.89 

0.69 20.42 

0.70 19.95 

0.71 19.50 

0.72 19.05 

0.73 18.62 

0.74 18.20 



0.76 17.38 

0.77 16.98 

0.78 16. CO 

0.79 16.22 



0.81 15.49 

0.82 15.14 

0.63 14.79 

0.84 14.45 



0.86 13.80 

0.87 13.49 

0.88 13.18 

0.80 12.88 

0.90 12.59 

0.91 12.30 

0.92 12.02 

0.93 11.75 

0.94 11.48 



0.90 10.96 

0.97 10.72 

0.98 10.47 

0.93 10.23 



1.00 10.00 

1.0 1 9.772 

1.02 9.550 

1.03 9.333 

1.04 9.120 

1.05 8.913 

1.06 8.710 

1.07 8.511 

1.08 8.318 

1.09 8.128 

1.10 7.943 

1.11 7.762 

1.12 7.586 

1.13 7.413 

1.14 7.244 

1.15 7.079 

1.16 6.918 

1.17 6.761 

1.18 6.607 

1.19 6.457 

1.20 6.310 

1.21 6.166 

1.22 6.026 

1.23 5.888 

1.24 5.754 

1.25 5.623 

1.26 5.495 

1.27 5.370 

1.28 5.248 

1.29 5.129 

1.30 5.012 



1.31 
1.32 
1.33 



4.898 

4.786 

- — 4.677 

1.34 4.571 

1.35 4.467 



4.365 
4.266 
4.169 
4.074 
3.981 

3.890 
3.802 
3.715 
3.631 
3.548 

3.467 
3.3U8 
3.311 
3.236 
3.162 



1.37 
1.38 
1.39 
1.40 

1.41 
1.42 
1.43 
1.44 
1.45 

1.46 
1.47 
1.48 
1.49 
1.50 



1.50 3.1C2 

1.51 3.090 

1.52 3.020 

1.53 2.951 

1.54 2.884 

1.55 2.818 

1.56 2.754 

1.57 2.692 

1.58 2.630 

1.59 2.570 

1.60 2.512 

1.61 2.455 

1.62 2.399 

1.63 2.344 

1.64 2.291 

1.65 2.239 

1.66 2.188 

1.67 2.138 

1.68 2.089 

1.69 2.042 

1.70 1.995 

1.71 1.950 

1.72 1.905 

1.73 1.862 

1.74 1.820 

1.75 1,778 

1.76 1.738 

1.77 1.698 

1.78 1.660 

1.79 1.622 

1.80 1.585 

1.81 1.549 

1.82 1.514 

1.83 1.479 

1.84 1.445 

1.85 1.413 



1.380 
1.349 
1.318 
1.288. 
1.259 

1.230 
1.202 
1.175 
1.148 
1.122 

1.096 
1.072 
1.047 
1.023 



1.87 
1.88 
1.89 



1.92 
1.93 
1.94 
1.95 



1.97 
1.98 
1.99 



§.9 
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2.00 1.000 

2.01 0.9772 

2.02 0.9350 

2.03 0.9333 

2.04 0.9120 

2.05 0.8913 

2.06 0.8710 

2.07 0.8511 

2.08 0.8318 

2.09 0.8128 

2.10 0.7943 

2.11 0.7762 

2.12 0.7586 

2.13 0.7413 

2.14 0.7244 

2.15 0.7079 

2.16 0.6918 

2.17 0.6761 

2.18 0.6607 

2.19 0.6457 

2.20 0.6310 

2.21 0.6166 

2.22 0.6026 

2.23 0.5888 

2.24 0.5754 

2.25 0.5623 

2.26 0.5495 

2.27 0.5370 

2.28 0.5248 

2.29 0.5129 

2.30 0.5012 

2.31 0.4898 

2.32 0.4786 

2.33 0.4677 

2.34 0.4571 

2.35 0.4467 

2.36 0.4365 
2.37. 0.4266 
2.33 0.4169 

2.39 0.4074 

2.40 0.3981 

2.41 0.3890 

2.42 0,3802 

2.43 0.3715 

2.44 0.3631 

2.45 0.3548 

2.46 0.3467 

2.47 0.3388 

2.48 0.3311 

2.49 0.3236 

2.50 0.3162 
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2.50 0.3162 

2.51 0.3090 

2.52 0.3020 

2.53 0.2951 

2.54 0.2884 

2.55 0.2818 

2.56 0.2754 

2.57 0.2692 

2.58 0.2630 

2.59 *0.2570 

2.60 "0.2512 

2.61 0.2455 

2.62 0.2399 

2.63 0.2344 

2.64 0.2291 

2.65 0.2239 

2.66 0.2188 

2.67 0.2138 

2.68 0.2089 

2.69 0.2042 

2.70 0.1995 

2.71 0.1950 

2.72 0.1905 

2.73 0.1862 

2.74 0.1820 

2.75 0.1778 

2.76 0.1738 

2.77 0.1698 

2.78 0.1660 

2.79 0.1622 
2 80 0.1585 

2.81 0.1549 

2.82 0.1514 

2.83 0.1479 

2.84 0.1445 

2.85 0.1413 

2.86 0.1380 

2.87 0.1349 

2.88 0.1313 

2.89 0.1288 

2.90 0.1259 

2.91 0.1230 

2.92 0.1202 

2.93 0.1175 

2.94 0.1148 

2.95 0.1122 

2.96 0.1096 

2.97 0.1072 

2.98 0.1047 
2.39 0.1023 
3.00 0.1000 



3.00 0.1000 

3.01 0.0977 

3.02 0.0955 

3.03 0.0933 

3.04 0.0912 

3.05 0.0891 

3.06 0.0871 

3.07 0.0851 

3.08 0.0832 

3.09 0.0813 

3.10 0.0794 

3.11 0.0776 

3.12 0.0759 

3.13 0.0741 

3.14 0.0724 

3.15 0.0708 

3.16 0.0692 

3.17 0.0676 

3.18 0.0661 

3.19 0.0646 

3.20 0.06310 

3.21 0.0617 

3.22 0.0603 

3.23 0.0588 

3.24 0.0575 

3.25 0.0562 

3.26 0.0550 

3.27 0.0537 

3.28 0.0529 

3.29 0.0513 

3.30 0.0501 

3.31 0.0489 
3 32 0.0478 
3i33 0.0468 

3.34 0.0457 

3.35 0.0446 

3.36 0.0436 

3.37 0.04266 

3.38 0.0417 

3.39 0.0407 

3.40 0.0398 

3.41 0.0389 

3.42 0.0380 

3.43 0.0371 

3.44 0.0363 

3.45 0.0355 

3.46 0.0347 

3.47 0.0339 

3.48 0.0331 

3.49 0.0324 

3.50 0.0316 






3.50 0.0316 

3.51 0.0309 

3.52 0.0302 

3.53 0.0295 

3.54 0.0288 

3.55 0.0289 

3.56 0.0275 

3.57 0.0269 

3.58 0.0263 

3.59 0.0257 

3.60 0.0251 

3.61 0.0245 

3.62 0.0239 

3.63 0.0234 

3.64 0.0229 

3.65 0.0223 

3.66 0.0218 

3.67 0.0214 

3.68 0.0218 

3.69 0.0204 

3.70 0.0199 

3.71 0.0195 

3.72 0.0190 

3.73 0.0186 

3.74 0.0182 

3.75 0.0178 

3.76 0.0174 

3.77 0.0169 

3.78 0.0166 

3.79 0.0162 

3.80 0.0158 

3.81 0.0155 

3.82 0.0152 

3.83 0.0148 

3.84 0.0145 

3.85 0.0141 

3.86 0.0138 

3.87 0.0135 

3.88 0.0132 

3.89 0.0129 

3.90 0.0126 

3.91 0.0123 

3.92 0.0120 

3.93 0.0117 

3.94 0.0114 

3.95 0.0112 

3.96 0.0109 

3.97 0.0107 

3.98 0.0105 

3.99 0.0102 
4.00 0.0100 



6c-3. Additional Information on the Properties of Certain Optical Materials 

1. Lithium Fluoride. Particularly useful as a prism material for the vacuum ultra- 
violet region transmitting to a minimum wavelength of almost 0.10/x, and in the 
infrared region to 5/*; however, since only selected pieces of the vacuum-grown 
material give such a low transmission in the ultraviolet, caution must be taken in 
choosing the particular sample. For an evaluation of lithium fluoride as a prism 
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material, see R. C. Gore, R. S. MacDonald, V. Z. Williams, and J. U. WM^ 
/ Opt Soc Am 37, 23 (1947). For an evaluation of the physical properties of 
lithium fluoride, see S. S. Ballard, L. S. Combes, and K. A. McCarthy, /. Opt. 
Soc. Am. 41, 772 (1951). • . 

2 Magnesium Oxide. Useful as a window material in equipment where both strength 
' Tand high-temperature endurance are required. (The Young's modulus for mag- 
nesium oxide is approximately six times that of sodium chloride; its melting point 
is 2500 to 2800°C.) Specific information is contained in the literature of the 
Norton Company, Niagara Falls, Canada. 

3 Quartz Used both as a prism material and for other optical elements in spectrome- 
ters, particularly for measurements in the ultraviolet region; it is also an excellent 
window material. Its mechanical properties are quite remarkable, particularly 
when considered as a material for field use; quartz is very strong and extremely 
hard A thorough summary of the mechanical, thermal, and optical properties is 
given by R. B. Sosman, "The Properties of Silica," Chemical Catalog Company, 
Inc., New York, 1927. 

4 Fused Silica. Has uses similar to those of crystalline quartz. Information on its 
' mechanical, thermal, and optical properties is given in Sosman (see quartz refer- 
ence above); in Catalog Q-3, Fused Quartz Catalog, General Electric Company, 
Cleveland, Ohio, 1952; and in the literature of the Hanovia Chemical and Manu- 
facturing Company, Newark, N.J. For a comparison of the refractive indices of 
samples of fused silica as produced by different manufacturers, see W. S. Rodney 
and R. J. Spindler, J. Opt. Soc. Am. 44, 677-679 (1954). 

5 Rutile, Sapphire, and Spinel. Of importance as window materials because of their 
' unusual hardness and advantageous high-temperature mechanical properties 

Most of the information on these three materials is contained in the literature of 
the Linde Air Products Company. . . 

6. Calcium Fluoride. Used as a prism material in the vacuum ultraviolet region 
down to 120 M For an evaluation of calcium fluoride as a prism material, see 
Gore et al. in lithium fluoride reference. For a comparison of its physical proper- 
ties with those of barium fluoride, see S. S. Ballard, L. S. Combes, and K. A. 
McCarthy, J. Opt, Soc. Am. 42, 684 (1952). .„.,,., ~ • • A - At > 

7. Cesium Bromide, Cesium Iodide, and Thallium Bromide-iodide Cesium iodide 
transmits in the infrared to at least 50/*; cesium bromide and thallium bromide- 
iodide both transmit to about 40 M . A comparison of the physical forties of 
these three materials is given by S. S. Ballard, L. S. Combes, and K. A McCarthy 
J Ovt Soc Am. 42, 65 (1952); 43, 975 (1953). Certain properties to be noted 
are the toxicity of thallium bromide-iodide, which necessitates care m machining 
processes of this material; the high total reflection loss of thallium bromide-iodide ; 
the solubility and corrosive effects on metals of cesium bromide; the extremely 
temperature-dependent solubility of cesium iodide . 

8. Potassium Bromide, Silver Chloride, and Sodium Chloride. A comparison of the 
optical properties of potassium bromide and sodium chloride as prism materials 
is given by Gore et al. All three materials are quite soft; potassium chloride and 
sodium chloride are extremely water soluble. Silver chloride is particularly useful 
as a window material. However, it reacts with metals, and tools used on silver 
chloride should be carefully cleaned. Silver chloride windows must be coated to 
prevent darkening due to its sensitivity to ultraviolet light. 
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Table 6d-l. Infrared Diffuse Percentage Reflecting Factors 
of Dry Pigments* 
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visible red and approached for shorter waves qimn *,! waves ' on * y 10 »t 1m, less than 5 in the 

for transmitted energy whe ^roughened mereW bv ^K^* J™* ?*?" 1 with a plate of «** salt 
the more suddenly ifcuts off ^he shorj ™ 8 y breathmg ° n *' In both ««■ the finer the surface, 

* "Smithsonian Physical Tables," 1954, Table 581 

T Nonmonochromatic means from Coblentz. 

1 Metallic reflections are discussed in Sec. 6k. 
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Table 6d-2. Reflection Coefficients for Visible 
Monochromatic Radiation* 



Material 



Carbon black in oil .......... .".". 

Clay: 

Kaolin (treated) 

Kaolin (untreated) 

White Georgia 

MgC0 3 

Magnesium oxide 

Paint: 

Lithopone ..... 

MgCOs-vynal acetate lacquer. 

ZnO-milk * 

Paper: 

Blotting 

Calendered . 

Crepe, green 

Crepe, red . : 

Crepe, yellow ............... 

Newsprint stock . . 

Peach: 

Green 

Ripe 

Pear: 

Green 

Ripe 

Pigment : 

Chrome yellow 

French ochre 

Porcelain enamel: 

Blue... 

Orange 

Red 

White 

Yellow 

Talcum, Italian 

Wheat flour 



0^400 



0.003 

0.82 
0.75 
0.94 



0.97 

95 
0.90 
0,74 

0.64 
0.64 
23 
0.03 
0.17 
0.38 

0.18 
0.10 

0.04 
0.08 

0.05 
0.06 

0.44 
0.09 
0.05 
0.77 
0.11 
0.94 
0.75 



Wavelengths, m 



0.500 



0.003 

0.81 
0.79 
0.92 
0.98 
0.98 

0.98 
0.88 
0.84 

0.72 
0.69 
0.49 
0.02 
0.44 
0.61 

17 
0.10 

0.12 
0.19 

0.13 
0.14 

0.10 
0.09 
0.03 
0.73 
0.46 
0.89 
0.87 



0.600 



0.003 

0.82 
0.85 
0.93 
0.99 
0,99 

0.98 
*0.88 
0.85 

0.V9 
0.73 
0.10 
0.21 
0.75 
0.63 

0.62 
0.41 

0.29 
0.46 

0.70 
50 

0.05 
0.59 
0.08 
0.72 
0.62 
0.88 
0.94 



0.700 



0.003 

0.82 
0.86 
0.94 

0.98 

0.98 
0.88 
0.86 

0.79 
0.76 
0.48 
0.69 
0.79 
0.78 

0.63 
0.42 

0.41 
0.53 

0.77 
0.56 

0.23 
0.69 
0.62 
0.70 
0.62 
0.88 
0.97 



* J. L. Michaelson, in "Handbook of Chemistry and Physics, 
Publishing Company, 1954-1955. 



' 36th ed., p. 2689, Chemical Rubber 
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Table 6d-3. Reflection Coefficients for Incandescent Light* 



Material 



Aluminum, "Alzak' 

"Alzak". 

On glass. 

Polished 

Black paper ......... 

Chromium 

Copper 

Gold 

Magnesium oxide . . . 

Nickel 

Platinum 

Porcelain enamel . . , 

Porcelain enamel . . 

Porcelain enamel. 

Silver 

Silvered glass 

Snow 

Steel 

Stellite. 



Nature of 
surface 



Diffusing 
Specular 
First surface 
Specular 
Diffusing 
Specular 
Specular 
Specular 
Diffusing 
Specular 
Specular 
Glossy- 
Ground 
Matt 
Polished 
Second surface 
Diffusing 
Specular 
Specular 



Coefficient 



0.77-0.81 
0.79-0.83 
0.82-0.86 

0.69 
0.05-0.06 

0.62 

0.63 

0.75 

0.98 
0.62-0.64 

0.62 
0.76-0.79 

0.81 
0.72-0.76 

0.93 
0.88-0.93 

0.93 

0.55 
0.58-0.65 



Authority 



3 

3 

4 

3 

4 

4 

4 

1 

5 
1,3 

1 

3 

3 

3 

1 

3 

2 

1 
4 



Mich?el8 g on. and RUbenS *' ^^< J °™*> «d Elliot. 3. J. E. Bock. 4. Frank Benford. 5. J. L. 
1954-^9 a 5 D 5! b00k ° f Chemi8try and K^"." *<** <**•. p. 2689, Chemical Rubber Publishing Company. 



6e. Glass, Polarizing and Interference Filters 



W. A. SHURCLIFF 1 

Polaroid Corporation 

BRUCE H. BILLINGS 2 

Baird- Atomic, Inc. 



6e-l. Colored Glasses. The transmission values of colored glasses are listed as 
functions of wavelength in the catalogues of various manufacturers. In the United 
States wide ranges of colored glass are available from the American Optical Company 
Bausch and Lomb Company, Chicago Eye Shield Company, Corning Glass Works,' 

1 Sheet polarizers. 

2 Interference filters. 



6-44 



OPTICS 



and the Eastman Kodak Company. The German Jena glasses also extend over a 
wide range of transmission values. 

6e-2. Sheet Polarizers. Sheet polarizers have several advantages over the nicol 
prism and other early types of linear polarizers. They accept a wide cone of light 
(half angle of 30 to 45 deg, for example). They are thin, light, and rugged, and are 
easily cut to any desired shape. Pieces many feet in length can be made. The cost 
is almost negligible compared with that of a nicol prism. 

If a sheet polarizer is mounted perpendicular to a beam of 100 per cent linearly 
polarized radiation, and if the polarizer is slowly turned in its own plane, the trans- 
mittance k varies between a maximum value ki and a minimum value k 2 according 
to the following law : 

k = (fci - fc 2 )(cos 2 0) + k 2 (6e-l) 

When such a polarizer is placed in a beam of unpolarized radiation, the transmittance 
j s i. (j^ _j_ fc 2 ) # When two identical polarizers are mounted in the beam with their 
axes crossed, the transmittance is kik 2 . 

The principal transmittance values k x and k 2 vary with wavelength, the variation 
being different for different types of polarizers. Table 6e-l presents data for several 
well-known types, produced by Polaroid Corporation, Cambridge, Massachusetts. 
H sheet, perhaps the most widely used sheet polarizer, is effective throughout the 
visual range; it is produced in three modifications having total luminous transmittance 
(for CLE. Illuminant C light) of 22 per cent (Type HN-22), 32 per cent (Type 
HN-32), and 38 per cent (HN-38). Type HN-22 provides the best extinction, Type 
HN-38 provides the highest transmittance, and Type HN-32 represents a compromise 
that is preferred in many applications. K sheet, also useful throughout the visual 
range, is particularly intended for applications involving very high temperature. 
Its transmittance is 35 to 40 per cent. HR sheet is effective in the infrared range 
from 0.7 to 2.2/*. 



Table 6e-l. 


Spectral Principal 


Transmittance of Sheet Polarizers* 


heet 




HN-22 sheet 


HN-32 sheet 


HN-38 sheet 


KN-36 sheet 


HRs 


Wavelength, 












M 


fci 


k 2 


fci 


k 2 


*i 


k 2 


fci 


k 2 


fci 


k 2 


0.375 


.11 


.000,005 


.33 


.001 


.54 


.02 


.42 


.002 


.00 


.00 


0.40 


.21 


.000,01 


.47 


.003 


.67 


.04 


.51 


.001 


.00 


.00 


0.45 


.45 


.000,003 


.68 


.000,5 


.81 


.02 


.65 


.000,3 


.00 


.00 


0.50 


.55 


.000,002 


.75 


.000,05 


.86 


.005 


.71 


.000,05 


.00 


.00 


0.55 


.48 


.000,002 


.70 


.000,02 


.82 


.000,7 


.74 


.000,04 


.00 


.00 


0.60 


.43 


.000,002 


.67 


.000,02 


.79 


.000,3 


.79 


.000,03 


.01 


.00 


0.65 


.47 


.000,002 


.70 


.000,02 


.82 


.000,3 


.83 


.000,08 


.05 


.00 


0.7 


.59 


.000,003 


.77 


.000,03 


.86 


.000,7 


.88 


.02 


.10 


.00 


1.0 


















.55 


.05 


1.5 


















.65 


.00 


2.0 


















.70 


.00 


2.5 


















.10 


.02 



*Data supplied by Polaroid Corporation, Cambridge, Massachusetts. For each type of polarizer, 
the transmittance values near the ends of the useful range depend on the type of supporting sheet or 
lamination used. Also some variation from lot to lot must be expected. 
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6e-3. Narrow-band Interference Filters. 1 The three types of narrow-band filters 
which are available commercially are : 

1. The solid Fabry-Perot filter with a passband of 150 A and a peak transmission 
of 35 per cent. 

2. The multilayer Fabry-Perot filter with bandwidth of 50 A and a peak trans- 
mission of 75 per cent. 

3. The polarization interference filter with a passband of ^ A or wider and a peak 
transmission of 2 to 7 per cent. 

The construction of these filters is described and the principle of their operation is 
explained. 

Fabry-Perot Filter. The solid Fabry-Perot filter was invented by Geffken and has 
recently been described by Struve. 2 The active elements in this filter are an evapo- 
rated layer of silver which is covered by a layer of dielectric and in turn followed by 
another evaporated layer of semitransparent silver. 

At all wavelengths at which the dielectric layer has an optical thickness of an 
integral number of half waves the filter will have a passband. The number of half 
waves corresponding to a given passband is called the order of the passband. The 
transmission of the filter can be represented by the equation 

t 2 
T = (1 -r) 2 + 4rsin 2 5/2 (6e " 2) 

where r is the reflectivity of the silver film, t the transmission of the film, and 
5 = (4xd/X)n 2 -* sin 2 + 2y where d is the thickness of the dielectric layer, n its 
index, X the wavelength, y the phase shift experienced by the light at the metal 
dielectric boundary, and the angle of incidence. 

By inspection of the equation it is apparent that maxima occur when 5/2 = rax 
where ra is an integer. 

There are five quantities which are of interest to the user of these filters. 

1. The peak transmission 

2. The transmission between peaks 

3. The bandwidth 

4. The separation between passbands 

5. The angular field of view 

Each of these quantities can be determined theoretically from Eq. (6e-2). The peak 
transmission is 



The minimum transmission is 



Tm * x = '(i _ r )2 (6e-3) 



t 2 

T ™» = (1 _|_ r )2 ( 6e ~ 4 ) 



The bandwidth of this filter is defined as the distance between the two points at 
which the transmission is 50 per cent of peak transmission. The formula for the 
bandwidth can be written 

W - 2Xm * x 'sin-* (^) (6e-5) 

rax - 2/o \2W/ 

where X m ax is the wavelength of peak transmission, ra is the order of the peak, and W is 
the band within the unit of X. 

1 Bruce H. Billings, Narrow Band Optical Interference Filters, Phot. Eng. 2, 2, 45-52 
(1951). 

2 0. Struve, Sky and Telescope^ January, 1951. 
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The equation for the bandwidth can be considerably simplified if the phase shift y 
is neglected and the bandwidth is expressed in frequency units rather than in wave- 
length units. The formula then becomes 

dv = — - sin" 1 —7z (6e-6) 

where dv is the bandwidth in cm -1 . K = 10 8 if nd is expressed in Angstroms. 
The separation between passbands is given by the expression 

Av = pr— 3 =» x (6e-7) 

2nd Xmax 2 

Although this separation is constant in frequency units, Eq. (6e-7) shows that in 
wavelength units successive passbands in a given filter are closer together in higher 
orders. 

Another quantity which is of interest in discussing these filters is the ratio of peak 
transmission to minimum transmission. This is given by the expression 



- max 



The angular field is defined as the angle through which the filter must be tilted to 
shift the wavelength of peak transmission a distance equal to the bandwidth. It 
can be calculated from the equation 

2W 

sin (A*>) = n— - (6e-9) 

A max 

Most users of filters wish the bandwidth to be as narrow as possible, the peak trans- 
mission as high as possible, the ratio of peak transmission to minimum transmission 
as high as possible, and the separation between passbands to be as large as possible. 
There is a certain amount of incompatibility between these different desires. From 
Eq. (6e-6), to make the bandwidth narrow, two things can be done; one is to increase 
the reflectivity and the other is to increase the thickness of the dielectric layer. From 
Eq. (6e-8), however, it is apparent that the increase of thickness of the dielectric 
layer results in the passbands becoming much closer together. This particular 
technique is also rather difficult because thick dielectric layers cannot be made 
easily. After the thickness gets over four or five waves the layer usually begins to 
crack. An increase of reflectivity, on the other hand, not only gives the desired 
reduction in bandwidth but also improves the ratio of the peak transmission to the 
minimum transmission. Although it is possible to increase the reflectivity of the 
silver layer used in a standard Fabry-Perot filter, the increase is accompanied by an 
increase in absorption. This results in a reduction of the peak transmission as seen 
from Eq. (6e-3). 

The solid Fabry-Perot filters made today are an attempt to meet an effective 
compromise in the different requirements. A typical filter has the following 
characteristics: 

Tmax = 35% X max = 5,461 A 
T m in = 0.2% W 5,461 = 150 A A<t> = 20° 

These numbers represent just about the best that can be done with the simple metal 
dielectric filter. 

Multilayer Filters. There are a series of techniques by which high reflectivities can 
be achieved which are lossless, i.e., which have no absorption. One of these tech- 
niques has yielded a filter which is already available commercially. This is the 
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so-called multilayer Fabry-Perot filter. 1 Some of the first research on these filters 
was done by Dr. Aldus Fogelsanger of Evaporated Metal Films Corp., in Ithaca, N.Y. 
There is very little published material on these filters. In this device the metal 
layers are replaced by a series of dielectric layers. The boundary between two 
dielectric layers is reflecting with a reflecting power of perhaps 4 per cent in the case 
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Fig. 6e-l. Schematic diagram of seven-layer solid Fabry-Perot filter. 
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WAVELENGTH IN ANGSTROMS 
Fig. 6e-2. Transmission as a function of wavelength. (Off-peak transmission in this filter 
is approximately 0.03 per cent.) 



of glass and air, or less for two dielectrics whose indices are close together, 
value of the reflectivity is given by the standard Fresnel reflection law 



The 



( n\ — n 2 \ 2 
n.i 4- n 2 ) 



(6e-10) 



By making several layers of alternate high- and low-index dielectric it is possible to 
reinforce the reflectivity of a single boundary and build it up by multiple reflection 
to any desired value. It is necessary only that the layers be of such thickness that 
the reflections from successive boundaries are in phase. When each layer is optically 
one-fourth of a wavelength in thickness, this reinforcement takes place. A complete 
filter is sketched in Fig. 6e-l. It might consist of seven alternate layers of high- and 
low-index dielectric of a thickness of a quarter wave apiece, followed by the dielectric 
spacer which is an integral number of half waves and which is followed by seven 
more quarter wavelength layers. The characteristics of such a filter are shown in 
Fig. 6e-2. For a seven-layer reflection filter the reflectivity can be built up to 95 per 
cent. From Eqs. (6e-3) to (6e-8) one would expect improvement over the metal 
filter and, in fact, the peak transmission of such a filter is as high as 80 per cent and 
the bandwidth as low as 30 A. The minimum transmission for a filter of this type 
1 H. D. Polster, J.Opt.Soc. Am. 89» 1054A (1949). 
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is only 0.03 per cent. Thus, in the first three categories listed above, this filter is 
considerably superior to the standard silver-dielectric filter. It differs from the 
standard filter in another important respect. The region in which the transmission 
is extremely low is very much smaller than in the case of the standard metal filter. 
The reason for the narrow range of usefulness lies in the construction of the filter 
itself. The multiple-dielectric layer will give constructive interference only in the 
region where the layers are close to an odd number of quarter waves thick. Where 
the layers are one-half wave thick, they will not interfere constructively and the 
transmission of the filter will be high. For a typical filter the region of low trans- 
mission is perhaps 1,000 A wide. Considering that the passband of the filter is 
only 30 A in width, this is a sizable reduction in filter requirements. Since the 
transmission is more than twice as high as the conventional filter, this device is con- 
siderably more useful for examining line sources against a continuous background. 




Fig. 6e-3. Spectrographs plate of the channel spectrum of a plate of ammonium dihydrogen- 
phosphate between crossed polarizers. 

When the emission or absorption bands which are to be examined are less than 
1 A or 2 deg in width, the advantage of the multilayer filter is decidedly noticeable. 

Polarization Filters. Another useful filter is the polarization filter of Lyot 1 and 
Oehman. 2 Although the basic characteristics of this filter have changed very little 
since it was first invented, there has been a noticeable improvement in the manu- 
facturing technique. Early units were made by individuals 3 as solutions to particular 
problems. 

The basic filter consists of a series of birefringent plates which are separated by 
polarizers. A simple filter might have x-cut plates of quartz as the birefringent ele- 
ments and these plates of quartz might be separated by parallel polarizing sheets. 
When a single birefringent plate is placed between parallel polarizers the transmission 
is given by the expression 

i . COS 2 r ^(^-n ) i ((WL1) 

where n e is the extraordinary index and n the ordinary index of the material and d is 
the plate thickness. When light is shone through such a combination into a spectro- 
graph the spectrum is seen to be crossed with a series of dark bands. Figure 6e-3 is 

1 B. Lyot, Compt. rend. 197, 1593 (1933). 

2 Y. Oehman, Nature 141, 291 (1938). 

3 E. Pettit, Pubis. Astron. Soc. Pacific 53 (309), 305 (October, 1940); J. W. Evans, 
Ciencia e invest. (Buenos Aires) III (9), 365 (1947); /, Opt. Soc. Am. 39 (3), 229-242 (1949). 
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a spectrograph^ plate showing the transmission of a slab of quartz 4 cm thick. In 
the polarization filter this first plate is placed in series with another plate whose 
thickness is half as great. This other plate will have black bands which are spaced 
at twice the distance of the bands from the first plate. The black bands from the 
second plate can thus be made to fall on every other passband of the first plate. The 
resultant of the combination will be a series of transmission bands which are separated 
by twice their width. This process can be repeated by adding more plates until the 
final transmission is a series of bands whose separation is so many times their width 
that all the bands but one can be removed with a supplementary filter such as a dye 
filter or a Fabry-Perot interference filter. 
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Fig. 6e-4. Transmission curves of filter plates of assembled filter. 



In Fig. 6e-4 is the transmission curve of the individual members of such a filter 
and also the transmission curve of a complete assembly of plates. The bandwidth 
of such a filter will be determined by the thickest plate. 

In the case of a 1 A passband filter at H alpha, the actual thicknesses involved can 
become quite large. For quartz and a simple filter the thickest plate will be 23.84 cm. 
This follows immediately from the formula 



W = 



0.5X n 



d(n e — n ) 



(6e-12) 



Here W is the passband of the filter in Angstroms and X is the position of the passband. 
This formula gives the interval between points where the relative transmission is 
50 per cent. Most of the possible applications for narrow-band filters of this type 
require linear apertures of the order of 2 in. There are a few pieces of optical quartz 
in this country which are large enough to be used for making these thick plates. 

Another possible material for a birefringent filter is calcite. Here the difference 
between the ordinary and extraordinary index of refraction is considerably larger 
than in the case of quartz and as a result a piece thick enough for a 1 A passband 
filter is very much thinner. From Eq. (6e-12) the actual thickness for a filter at H 
alpha can be calculated to be 0.9388 cm. However, even in calcite a 2-in. -diameter 
x-cut slab of this thickness, which will be of sufficient optical quality to make the 
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last plate of a birefringent filter, is essentially unobtainable. Furthermore, the price 
of such material is quite high. 

During the last few years a whole family of new crystals has been appearing. 
These crystals are being grown synthetically for the use of the electronic industry. 
One such crystal is ammonium dihydrogen phosphate (ADP), which is used in large 
Langevin plates for underwater signaling at supersonic frequencies. 

ADP has been grown in sizes so that 2-in. disks of high optical quality can be 
obtained. It is also quite inexpensive. The material does, however, have several 
fairly serious disadvantages. It is water-soluble, slightly hygroscopic, soft, and 
brittle. For a birefringent filter it is necessary that the crystal plate be made plane 
parallel to ^7 of a retardation wave. In quartz with birefringence of 0.009 this is 
fairly stringent. In ADP with a birefringence of 0.005 this tolerance is positively 
drastic. It is particularly difficult to maintain because of the physical limitations 
of the material. In spite of these difficulties, methods have been devised for taming 
ADP and filters are now available with a bandwidth of only 1 A at H alpha. The 
length of these filters is slightly smaller than the length of a filter of equivalent band- 
width made in quartz. It is also necessary to hold the temperature more constant 
than in the equivalent quartz filter. 

These filters have an additional feature that the passband can be shifted over a 
range of about three band widths on either side of the peak. This is done by rotating 
polarizers at opposite ends of the filter. A modification of the filter has been proposed 
which will enable the passband to be adjusted over a large wavelength interval. 1 

The narrow bandwidth makes it possible to observe solar prominences without the 
use of an occulting disk. It is also possible to observe fine detail on the surface of 
the sun. The tunable feature makes possible the measurement of radial velocities. 
Much of the structure on the solar disk as well as the prominences seems to have 
considerable radial velocity. 

The exploitation of each of these niters in science and industry has not yet really 
begun. It is hoped that photographic engineers will find application for these filters 
as such activity will stimulate further development and improvements in these devices. 



6f. Colorimetry 

d. l. Macadam 
Eastman Kodak Company 



6f-l. Luminosity. Photopic Luminosity, relative photopic luminosity (y): 
Adopted in 1931 by International Commission on Illumination (CLE.) (intended to 
represent normal eyes, for fields subtending about 2 deg, having about 1 foot-Lambert 
luminance) . 

absolute photopic luminosity (K\ lumens per watt): 680 times photopic lumi- 
nosities given in Table 6f-l. 

i B. Billings, J. Opt. Soc. Am. 37, 738 (1947). 
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Wavelength, 


Photopic 


Scotopic 


Wavelength, 


Photopic 


Scotopic 


m/* 


y 


V 


m/i 


y 


V 


380 


0.0000 


0.00059 


580 


0.8700 


0.1212 


385 


0.0001 


0.00111 


585 


0.8163 


0.0899 


390 


0.0001 


0.00221 


590 


0.7570 


0.0655 


395 


0.0002 


0.00453 


595 


0.6949 


0.0469 


400 


0.0004 


0.00929 


600 


0.6310 


0.03325 


405 


0.0006 


0.01850 


605 


0.5668 


0.02312 


410 


0.0012 


0.03484 


610 


0.5030 


0.01593 


415 


0.0022 


0.0604 


615 


0.4412 


0.01088 


420 


0.0040 


0.0966 


620 


0.3810 


0.00737 


425 


0.0073 


0.1436 


625 


0.3210 


0.00497 


430 


0.0116 


0.1998 


630 


0.2650 


0.003335 


435 


0.0168 


0.2625 


635 


0.2170 


0.002235 


440 


0.0230 


0.3281 


640 


0.1750 


0.001497 


445 


0.0298 


0.3931 


645 


0.1382 


0.001005 


450 


0.0380 


0.4550 


650 


0.1070 


0.000677 


455 


0.0480 


0.5129 


655 


0.0816 


0.000459 


460 


0.0600 


0.5672 


660 


0.0610 


0.0003129 


465 


0.0739 


0.6205 


665 


0.0446 


0.0002146 


470 


0.0910 


0.6756 


670 


0.0320 


0.0001480 


475 


0.1126 


0.7337 


675 


0.0232 


0.0001026 


480 


0.1390 


0.7930 


680 


0.0170 


0.0000716 


485 


0.1693 


0.8509 


685 


0.0119 


0.0000502 


490 


0.2080 


0.9043 


690 


0.0082 


0.00003533 


495 


0.2586 


0.9491 


695 


0.0057 


0.00002502 


500 


0.3230 


0.9817 


700 


0.0041 


0.00001780 


505 


0.4073 


0.9984 


705 


0.0029 


0.00001273 


510 


0.5030 


0.9966 


710 


0.0021 


0.00000914 


515 


0.6082 


0.9750 


715 


0.0015 


0.00000660 


520 


0.7100 


0.9352 


720 


0.0010 


0.00000478 


525 


0.7932 


0.8796 


725 


0.0007 


0.000003482 


530 


0.8620 


0.8110 


730 


0.0005 


0.000002546 


535 


0.9149 


0.7332 


735 


0.0004 


0.000001870 


540 


0.9540 


0.6497 


740 


0.0003 


0.000001379 


545 


0.9803 


0.5644 


745 


0.0002 


0.000001022 


550 


0.9950 


0.4808 


750 


0.0001 


0.000000760 


555 


1.0002 


0.4015 


755 


0.0001 


0.000000567 


560 


0.9950 


0.3288 


760 


0.0001 


0.000000425 


565 


0.9786 


0.2639 


765 


0.0000 


0.000000320 


570 


0.9520 


0.2076 


770 


0.0000 


0.000000241 


575 


0.9154 


0.1602 


775 
780 


0.0000 


0.000000183 
0.000000139 



♦Optical Society of America, "The Science of Color," p. 309, Thomas Y. Crowell Company, New 
York, 1953. 
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luminous flux (lumens) : 

770 

F = £ P x #x 

X = 380 

for spectral distribution of radiant energy, P\ (watts per 5-mju- wavelength band). 

LUMINOUS TRANSMITTANCE : 

X = 770 

^ rxPxK X 

_ X = 380 



t = 



X = 770 


£ Px^x 


X = 380 


X = 770 


} ta<Pa# 


X = 380 



A = 770 



I 

X = 380 



P\y 



for material with spectral transmittance t\ irradiated with spectral distribution P\. 

luminous reflectance r: Substitute spectral reflectance px for tx in either of 
above. 

selected ordinates Pi'. At wavelengths given in Table 6f-2, these are such that 



t=l 
30 

= TO £ (rP)i 

i = l 

30 



1 = 1 



Revisions of pho topic relative luminosity data, recommended in 1951 by the United 
States Technical Committee on Color imetry of C.I.E.: 



370mM 
0.0001 



380 
0.0004 



390 
0.0015 



400 
0.0045 



410 
0.0093 



420 
0.0175 



430 
0.0273 



440 
0.0379 



450 
0.0468 



These revisions have not been adopted by CLE. 

Scotopic Luminosity, relative values V (Table 6f-l) : Adopted in 1951 by CLE. 
(intended to represent normal eyes of young subjects, age <30, when observing at 
angles of not less than 5 deg from foveal center, under conditions of complete dark 
adaptation). 

international photometric standard: Black body at temperature (2042°K) of 
solidification of platinum, has intensity of 60 candles per square centimeter for both 
scotopic and photopic conditions. 



COLORIMETRY 
Table 6f-2. Wavelengths for Selected Ordinates* 



6-53 



Ordinate 


Photopic 


Scotopic 


Ordinate 


Photopic 


Scotopic 


No. i 


luminosity 


luminosity 


No. i 


luminosity 


luminosity 


1 


469.7 


426.0 


16 


561.0 


504.7 


2 


493.1 


439.7 


17 


564.6 


507.9 


3 


504.6 


448.2 


18 


568.3 


511.1 


4 


512.1 


455.0 


19 


572.0 


514.4 


5 


518.0 


461.0 


20 


575.9 


517.8 


6 


522.9 


466.3 


21 


579.9 


521.2 


7 


527.4 


471.2 


22 


584.1 


524.8 


8 


531.6 


475.7 


1 23 


588.5 


528.6 


9 


535.5 


479.9 


24 


593.3 


532.6 


10 


539.3 


483.9 


25 


598.5 


537.0 


11 


543.1 


487.7 


26 


604.3 


541.9 


12 


546.7 


491.3 


27 


611.0 


547.6 


13 


550.3 


494.7 


28 


619.1 


554.6 


14 


553.9 


498.1 


29 


629.9 


564.1 


15 


557.4 


501.4 


30 


649.7 


581.8 



absolute scotopic luminosity 2£ x : 1,746 times scotopic luminosities given in 
Table 6f-l. 

SCOTOPIC LUMENS, SCOTOPIC LUMINOUS TRANSMITTANCE, AND SCOTOPIC LUMINOUS 

reflectance: Substitute X x , V, or wavelengths for selected ordinates for scotopic 
luminosity (Table 6f-2) in formulas for corresponding photopic quantities. 

6f-2. Colorimetry 

Standard Color-mixture Data. CLE. standard observer for color measurement is 
determined by the specifications for the equal-energy spectrum, as given in Table 
6f-3. The chromaticity coordinates (also known as trichromatic coefficients, or tri- 
linear coordinates) listed are ratios such that x + y + z = 1. The tristimulus values 
are the amounts of three colors necessary to match equal energies of the indicated 
wavelengths. The value of y given in the table is the standard luminosity function 
or relative luminosity. 



TRISTIMULUS VALUES! 



X = 770 

X = 680 S P x 2 

X = 380 
X = 770 

Y = 680 ^ P x y = F (lumens) 

\ = 380 
X = 770 

Z = 680 y P x z 

A = 380 



for spectral distribution of radiant energy P x (watts per 5 m M wavelength band). 
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Table 6f-3. The Standard Observer 



Wave- 


Chromaticity coordinates 


Tristimulus values 


length, 


of the spectrum 


of the spectrum 


mn 


X 


y 


z 


X 


y (rel. lum.) 


z 


380 


0.1741 


0.0050 


0.8209 


0.0014 


0.0000 


0.0065 


385 


0.1740 


0.0050 


0.8210 


0.0022 


0.0001 


0.0105 


390 


0.1738 


0.0049 


0.8213 


0.0042 


0.0001 


0.0201 


395 


0.1736 


0.0049 


0.8215 


0.0076 


0.0002 


0.0362 


400 


0.1733 


0.0048 


0.8219 


0.0143 


0.0004 


0.0679 


405 


0.1730 


0.0048 


0.8222 


0.0232 


0.0006 


0.1102 


410 


0.1726 


0.0048 


0.8226 


0.0435 


0.0012 


0.2074 


415 


0.1721 


0.0048 


0.8231 


0.0776 


0.0022 


0.3713 


420 


0.1714 


0.0051 


0.8235 


0.1344 


0.0040 


0.6456 


425 


0.1703 


0.0058 


0.8239 


0.2148 


0.0073 


1.0391 


430 


0.1689 


0.0069 


0.8242 


0.2839 


0.0116 


1.3856 


435 


0.1669 


0.0086 


0.8245 


0.3285 


0.0168 


1.6230 


440 


0.1644 


0.0109 


0.8247 


0.3483 


0.0230 


1.7471 


445 


0.1611 


0.0138 


0.8251 


0.3481 


0.0298 


1.7826 


450 


0.1566 


0.0177 


0.8257 


0.3362 


0.0380 


1.7721 


455 


0.1510 


0.0227 


0.8263 


0.3187 


0.0480 


1.7441 


460 


0.1440 


0.0297 


0.8263 


0.2908 


0.0600 


1.6692 


465 


0.1355 


0.0399 


0.8246 


0.2511 


0.0739 


1.5281 


470 


0.1241 


0.0578 


0.8181 


0.1954 


0.0910 


1.2876 


475 


0.1096 


0.0868 


0.8036 


0.1421 


0.1126 


1.0419 


480 


0.0913 


0.1327 


0.7760 


0.0956 


0.1390 


0.8130 


485 


0.0687 


0.2007 


0.7306 


0.0580 


0.1693 


0.6162 


490 


0.0454 


0.2950 


0.6596 


0.0320 


0.2080 


0.4652 


495 


0.0235 


0.4127 


0.5638 


0.0147 


0.2586 


0.3533 


500 


0.0082 


0.5384 


0.4534 


0.0049 


0.3230 


0.2720 


505 


0.0039 


0.6548 


0.3413 


0.0024 


0.4073 


0.2123 


510 


0.0139 


0.7502 


0.2359 


0.0093 


0.5030 


0.1582 


515 


0.0389 


0.8120 


0.1491 


0.0291 


0.6082 


0.1117 


520 


0.0743 


0.8338 


0.0919 


0.0633 


0.7100 


0.0782 


525 


0.1142 


0.8262 


0.0596 


0.1096 


0.7932 


0.0573 


530 


0.1547 


0.8059 


0.0394 


0.1655 


0.8620 


0.0422 


535 


0.1929 


0.7816 


0.0255 


0.2257 


0.9149 


0.0298 


540 


0.2296 


0.7543 


0.0161 


0.2904 


0.9540 


0.0203 


545 


0.2658 


0.7243 


0.0099 


0.3597 


0.9803 


0.0134 


550 


0.3016 


0.6923 


0.0061 


0.4334 


0.9950 


0.0087 


555 


0.3373 


0.6589 


0.0038 


0.5121 


1.0002 


0.0057 


560 


0.3731 


0.6245 


0.0024 


0.5945 


0.9950 


0.0039 


565 


0.4087 


0.5896 


0.0017 


0.6784 


0.9786 


0.0027 


570 


0.4441 


0.5547 


0.0012 


0.7621 


0.9520 


0.0021 


575 


0.4788 


0.5202 


0.0010 


0.8425 


0.9154 


0.0018 


580 


0.5125 


0.4866 


0.0009 


0.9163 


0.8700 


0.0017 


585 


0.5448 


0.4544 


0.0008 


0.9786 


0.8163 


0.0014 


590 


0.5752 


0.4242 


0.0006 


1.0263 


0.7570 


0.0011 


595 


0.6029 


0.3965 


0.0006 


1.0567 


0.6949 


0.0010 



*D. B. Judd, /. Opt. Soc. Am. 23, 359 (1933). 
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Wave- 
length, 
rn.fi 



600 
605 
610 
615 
620 

625 
630 
635 
640 
645 

650 
655 
660 
665 
670 

675 
680 
685 
690 
695 

700 
705 
710 
715 
720 

725 
730 
735 
740 
745 

750 
755 
760 
765 
770 

775 

780 



Chromaticity coordinates 
of the spectrum 



0.6270 
0.6482 
0.6658 
0.6801 
0.6915 

0.7006 
0.7079 
0.7140 
0.7190 
0.7230 

0.7260 
0.7283 
0.7300 
0.7311 
0.7320 

0.7327 
0.7334 
0.7340 
0.7344 
0.7346 

0.7347 
0.7347 
0.7347 
0.7347 
0.7347 

0.7347 
0.7347 
0.7347 
0.7347 
0.7347 

0.7347 
0.7347 
0.7347 
0.7347 
0.7347 

0.7347 
0.7347 



0.3725 
0.3514 
0.3340 
0.3197 
0.3083 

0.2993 
0.2920 
0.2859 
0.2809 
0.2770 

0.2740 
0.2717 
0.2700 
0.2689 
0.2680 

0.2673 
0.2666 
0.2660 
0.2656 
0.2654 

0.2653 
0.2653 
0.2653 
0.2653 
0.2653 

0.2653 
0.2653 
0.2653 
0.2653 
0'.2653 

0.2653 
0.2653 
0.2653 
0.2653 
0.2653 

0.2653 
0.2653 



0.0005 
0.0004 
0.0002 
0.0002 
0.0002 

0.0001 
0.0001 
0.0001 
0.0001 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
Totals 



(Continued) 

Tristimulus values 
of the spectrum 



1.0622 
1.0456 
1.0026 
0.9384 
0.8544 

0.7514 
0.6424 
0.5419 
0.4479 
0.3608 

0.2835 
0.2187 
0.1649 
0.1212 
0.0874 

0.0636 
0.0468 
0.0329 
0.0227 
0.0158 

0.0114 
0.0081 
0.0058 
0.0041 
0.0029 

0.0020 
0.0014 
0.0010 
0.0007 
0.0005 

0.0003 
0.0002 
0.0002 
0.0001 
0.0001 

0.0000 
0.0000 



21.3713 



y (rel. lum.) 



0.6310 
0.5668 
0.5030 
0.4412 
0.3810 

0.3210 
0.2650 
0.2170 
0.1750 
0.1382 

0.1070 
0.0816 
0.0610 
0.0446 
0.0320 

0.0232 
0.0170 
0.0119 
0.0082 
0.0057 

0.0041 
0.0029 
0.0021 
0.0015 
0.0010 

0.0007 
0.0005 
0.0004 
0.0003 
0.0002 

0.0001 
0.0001 
0.0001 
0.0000 
0.0000 

0.0000 
0.0000 



21.3714 



0.0008 
0.0006 
0.0003 
0.0002 
0.0002 

0.0001 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 
0.0000 
0.0000 
0.0000 

0.0000 
0.0000 



21.3715 
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Table 6f-4. Standard Illuminants* 

A. Gas-filled tungsten incandescent lamp of color temp. 2845°K. 

B. Lamp as above in combination with a filter composed of a layer 1 cm thick of 
each of two separate solutions £1 and B 2 , contained in a double cell of colorless optical 

glass. 

Solution B\\ 

Copper sulfate (CuS0 4 -5H 2 0) • • • 2.452 g 

Mannite (C 6 H 8 (OH) 6 ) 2.452 g 

Pyridine (C 5 H 5 N) 300 cc 

Distilled water to make 1> 000 cc 

Solution B 2 : 

Cobalt ammonium sulfate (CoS0 4 (NH 4 ) 2 S0 4 -6H 2 0) .... 21 71 g 

Copper sulfate (CuS0 4 -5H 2 0) 16.11 g 

Sulfuric acid (density 1.835) ••• 100 cc 

Distilled water to make • • 1 > 000 cc # 

C Lamp as in A in combination with a filter composed of a layer I cm thick of 

each of two separate solutions d and C 2 , contained in a double cell made of colorless 

optical glass. 

Solution C\\ 

Copper sulfate (CuS0 4 -5H 2 0) 3.412 g 

Mannite (C 6 H 8 (OH) 6 ) 3 - 412 8 

Pyridine (C 5 H 5 N) 30 ° cc 

Distilled water to make • • • 1 >0°° cc 

Solution C 2 : 

Cobalt ammonium sulfate (CoS0 4 (NH 4 ) 2 S0 4 6H 2 0) .... 30.580 g 

Copper sulfate (CuS0 4 -5H 2 0) 22 ,520 g 

Sulfuric acid (density 1.835) 10.0 cc 

Distilled water to make 1 > 000 cc 

* Recommendation of the International Commission on Illumination, 1931, as revised 1951. 



For material with spectral transmittance t\: 

X = 770 
X = 380 



A X = 770 



I 



X = 380 

X = 770 



I 



v X = 380 _ t 

Y = X = 770 l 



I 



\ = 380 
X=770 



I 



7 — * = 380 
/j ~ X = 770 



I 



r\P\y 
P\y 

T\P\Z 

P\y 



X = 380 



Relative values of Px are sufficient for determining tristimulus values X, Y, Z of 
material. For reflecting materials, substitute PX for r X in above formulas. 
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TRISTIMULUS COMPUTATION DATA FOR STANDARD SOURCES'. A (tungsten lamp at 

2854° color temperature); B (artificial sunlight, about 4880° color temperature, Table 
6f-4); and C (artificial daylight, about 6740° color temperature). For any standard 
source and any material with spectral transmittance t\ or spectral reflectance p\ 
tristimulus values based on data in Table 6f-5 are: 



X = 770 



X = 10-5 



Y = 10~ 5 



= 380 
= 760 

£ rx(yP)\ 



X = 770 



X = 380 
X = 760 



or 10- 8 



X = 400 
X = 620 

Z = 10~« 2 ^(* p h 

X = 380 



10-» ^ ^( 5p )x 

X = 380 
X = 760 

£ Px(yP)x 

A = 400 
X = 620 

10" 6 £ p X (*P)x 



A = 380 



Luminous transmittance t = Y. Luminous reflectance r = Y. 

truncated tristimulus computation data: For use when t\ (or px) are measured 
only in region 400 to 700 m/t. In place of the corresponding values shown in Table 
6f-5, use the following values, and sum only from 400 to 700 mju. 



X, mn 


Source A 


Source B 


Source C 


xP 


yP 


zP 


xP 


yP 


IP 


xP 


yP 


IP 


400 
410 
420 
680 
690 
700 


40 

48 

270 

804 



834 


1 

2 
8 

292 


300 


198 

223 

1297 


113 
154 
834 

478 



417 


2 

6 

24 

175 



149 


532 

741 

4001 


166 
240 
1269 
384 

312 


2 

9 

37 

138 


114 


791 
1143 
6098 



Tristimulus computation data for black-body sources at 1000°K, 1500°K 1900°K 
2360°K, 3000°K, 3500°K, 4800°K, 6000°K, 6500°K, 7000°K, 8000°K, 10,000°K, 
24,000°K, and infinite temperature, for five phases of natural daylight and for three 
commercial sources of artificial daylight, are tabulated in "The Science of Color."* 

selected ordinates: r Xif T Yi) T Zi at wavelengths given in Table 6f-6, and factors 
Fx f F Y , F z are such that 

*=30 



TXi 



= 1 

t-30 



Y=Frl 



TYi 



* = 1 
30 



TZi 



i = l 



For reflecting sample, substitute px», pyu pzi for txu tyu rzi- 
1 Pp. 268-271, Thomas Y. Crowell Company, New York, 1953. 
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Table 6f-5. Tristimulus Computation Data for Standard Sources* 



Wave- 
length, 



CLE. standard source A 
(Planck 2854°, c 2 = 1.438) 



380 
390 

400 
410 
420 
430 
440 

450 
460 
470 
480 
490 

500 
510 
520 
530 
540 

550 
560 
570 
580 
590 

600 
610 
620 
630 
640 

650 
660 
670 
680 
690 

700 
710 
720 
730 
740 

750 
760 
770 



xP 



yP 



1 
5 

19 

71 

262 

649 

926 

1,031 

l,0i9 

776 

428 

160 

27 

57 

425 

1,214 

2,313 

3,732 
5,510 
7,571 
9,719 
11,579 

12,704 

12,669 

11,373 

8,980 

6,558 

4,336 

2,628 

1,448 

804 

404 

209 

llO 

57 

28 

14 

6 
4 
2 



CLE. standard source B 



CLE. standard source C 



1 

2 

8 

27 

61 

117 
210 
362 
622 
1,039 

1,792 
3,080 
4,771 
6,322 
7,600 

8,568 
9,222 
9,457 
9,228 
8,540 

7,547 
6,356 
5,071 
3,704 
2,562 

1,637 
972 
530 
292 
146 

75 
40 
19 
10 
6 

2 
2 



zP 



6 
23 

93 

340 

1,256 

3,167 

4,647 

5,435 
5,851 
5,116 
3,636 
2,324 

1,509 
969 
525 
309 
162 

75 
36 
21 
18 
12 

10 
4 
3 



xP 



yP 



3 
13 

56 

217 

812 

1,983 

2,689 

2,744 

2,454 

1,718 

870 

295 

44 

81 

541 

1,458 

2,689 

4,183 
5,840 
7,472 
8,843 
9,728 

9,948 
9,436 
8,140 
6,200 
4,374 

2,815 

1,655 

876 

465 

220 

108 

53 

26 

12 

6 

2 
2 

1 



2 

6 
24 
81 

178 

310 

506 

800 

1,265 

1,918 

2,908 
4,360 
6,072 
7,594 
8,834 

9,603 
9,774 
9,334 
8,396 
7,176 

5,909 
4,734 
3,630 
2,558 
1,709 

1,062 
612 
321 
169 
80 

39 

19 

9 

4 

2 

1 
1 



IP 



14 
60 

268 

1,033 

3,899 

9,678 

13,489 

14,462 

14,085 

11,319 

7,396 

4,290 

2,449 

1,371 

669 

372 

188 

84 
38 
21 
16 
10 

7 
3 
2 



xP 



4 
19 

85 

329 

1,238 

2,997 

3,975 

3,915 
3,362 
2,272 
1,112 
363 

52 

89 

576 

1,523 

2,785 

4,282 
5,880 
7,322 
8,417 
8,984 

8,949 
8,325 
7,070 
5,309 
3,693 

2,349 

1,361 

708 

369 

171 

82 

39 

19 

8 

4 

2 

1 
1 



yP 



2 

9 

37 

122 

262 

443 

694 

1,058 

1,618 

2,358 

3,401 
4,833 
6,462 
7,934 
9,149 

9,832 
9,841 
9,147 
7,992 
6,627 

5,316 
4,176 
3,153 
2,190 
1,443 

886 
504 
259 
134 
62 

29 

14 

6 

3 

2 

1 
1 



* D. B. Judd, /. Opt Soq. Am. 28, 359 (1933). 
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Table 6f-6. Selected Ordinates for Standard Sources* 
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Ordinate 




Source A 




Source B 




Source C 




No. 




















t 


\Xi 


\ Yi 


\Zi 


\Xi 


Xk,- 


\z t 


\Xi 


\Yi 


Xz f 


1 

2t 

3 


444.0 
516.9 
544.0 


487.8 
507.7 
517.3 


416.4 
424.9 
429.4 


428.1 
442.1 
454.1 


472.3 
494.5 
505.7 


414.8 
422.9 
427.1 


424.4 
435.5 
443.9 


465.9 
489.4 
500.4 


414.1 
422.2 
426.3 


4 

5t 

6 


554.2 
561.4 
567 . 1 


524.1 
529 . 8 
534.8 


432.9 
436.0 
438.7 


468.1 
527.8 
543.3 


513.5 
519.6 
524.8 


430.3 
433.0 
435.4 


452.1 
461.2 
474.0 


508.7 
515.1 
520.6 


429.4 
432.0 
434.3 


7 

8f 

9 


572.0 
576.3 
580.2 


539.4 
543.7 
547.8 


441.3 
443.7 
446.0 


551.9 
558.5 
564.0 


529.4 
533.7 
537.7 


437.7 
439.9 
442.0 


531.2 
544.3 
552.4 


525.4 
529.8 
533.9 


436.5 
438.6 
440.6 


10 

lit 
12 


583.9 
587 . 2 
590.5 


551.7 
555.4 
559.1 


448.3 
450.5 
452.6 


568.8 
573.1 
577 . 1 


541.5 
545.1 
548.7 


444.0 
446.0 
448.0 


558.7 
564.1 
568.9 


537.7 
541.4 
544.9 


442.5 
444.4 
446.3 


13 

14t 

15 


593.5 
596.5 
599.4 


562.7 
566.3 
569.8 


454.7 
456.8 
458.8 


580.9 
584.5 
588.0 


552.1 
555.5 
559.0 


450.0 
451.9 
453.9 


573.2 
577.3 
581.3 


548.4 
551.8 
555.1 


448.2 
450.1 
452.1 


16 

17t 

18 


602.3 
605.2 
608.0 


573.3 

576.9 
580.5 


460.8 
462.9 
464.9 


591.4 
594.7 
598.1 


562.4 
565.8 
569.3 


455.8 
457.8 
459.8 


585.0 
588.7 
592.4 


558.5 
561.9 
565.3 


454.0 
455.9 
457.9 


19 

20f 

21 


610.9 
613.8 
616.9 


584.1 
587.9 
591.8 


467.0 
469.2 
471.6 


601.4 
604.7 
608.1 


572.9 
576.7 
580.6 


461.8 
463.9 
466.1 


596.0 
599.6 
603.3 


568.9 
572.5 
576.4 


459.9 
462.0 
464.1 


22 

23f 

24 


620.0 
623.3 
626.9 


595.9 
600.1 
604.7 


474.1 
476.8 
479.9 


611.6 
615.3 
619.1 


584.7 
589.1 
593.9 


468.4 
470.8 
473.6 


607.0 
610.9 
615.0 


580.5 
584.8 
589.6 


466.3 
468.7 
471.4 


25 

26f 

27 


630.8 
635.3 
640.5 


609.7 
615.2 
621.5 


483.4 
487.5 
492.7 


623.3 
628.0 
633.4 


599.1 
605.0 
611.8 


476.6 
480.2 
484.5 


619.4 
624.2 
629.8 


594.8 
600.8 
607.7 


474.3 

477.7 
481.8 


28 

29f 

30 


646.9 
655.9 
673.5 


629.2 
639.7 
659 


499.3 
508.4 
526.7 


640.1 
649.2 
666.3 


619.9 
630.9 
650.7 


490.2 
498.6 
515.2 


636.6 
645.9 
663 . 


616.1 
627.3 
647.4 


487.2 
495.2 
511.2 


Factors: Fx, 




















Fy, Fz 


0.03661 


0.03333 


0.01185 


0.03303 


0.03333 


. 02842 


0.03268 


0.03333 


0.03938 



* MIT, "Handbook of Colorimetry," Technology Press, Cambridge, 1936. 

t Abbreviated set for use with only slightly selective samples. In such cases, multiply factors by 3. 



6-60 



OPTICS 



Table 6f-7. Standard Coordinate System 
The tristimulus system of color specification is based on four chosen stimuli con- 
sisting of homogeneous radiant energy of wavelengths 700.0, 546.1, and 435.8 m/* 
and of standard illuminant B (see Table 6f-4). 

To establish the system of specification, coordinates are assigned as follows: 



Stimulus 



700.0 m/i 

546.1 m/z 

435.8 m M 

Standard source B 



0.73467 
0.27376 
0.16658 
0.34842 



y 



0.26533 
0.71741 
0.00886 
0.35161 



0.00000 
0.00883 
0.82456 
0.29997 



Wavelengths for selected ordinates for black-body sources at intervals of 100° from 
2000 to 4000°K and at 5000°K, 6000°K, 7000°K, 8000°K, 10,000°K, and infinite 
temperature, and for five phases of natural daylight and three commercial sources of 
artificial daylight, are given in "The Science of Color." 1 

Chromaticity Coordinates. Horizontal coordinate x = X/(X + Y + Z). Vertical 
coordinate y = Y/(X + Y + Z). (Ref. Table 6f-7) 



CLE. standard source A 

CLE. standard source B 

CLE. standard source C 

Mean noon sunlight at Washington, D.C 

Overcast sky (typical) 

Clear sky (typical zenith) 



0.4476 


0.4075 


0.3485 


0.3516 


0.3101 


0.3163 


0.3442 


0.3534 


0.3134 


0.3275 


0.2631 


0.2779 



dominant wavelength: Wavelength corresponding to intersection of spectrum 
locus with straight line drawn from point representing light source through point 
representing light reflected from (or transmitted by) sample. 

complementary wavelength: Wavelength corresponding to intersection of spec- 
trum locus with straight line drawn from point representing light from sample, 
through point representing light source (used when dominant wavelength is not 
determinate). 

purity: Ratio of distance from source point to sample point, compared with 
distance from source point to point on spectrum locus representing dominant wave- 
length (or, in case that dominant wavelength is not determinate, ratio of distance 
from source point to sample point compared with distance from source point to 
collinear point on line joining extremities of spectrum locus). 

Color difference between two samples (xi, y h n) and (x 2 , y 2 , r 2 ) : (Table 6f-9) 

AS = |0nAx 2 + 2gi 2 Ax Ay + g 22 Ay 2 + gzz y-y) J 

where Ax = 100(x 2 - *i), Ay = IOOQ/2 - 2/1), Ar = 100(r 2 - n), f = (n + r 2 )/2. 
For sharp dividing line and samples subtending about 2 deg, ^33 = 1. For less 



1 Op. cit., pp. 278-291. 
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Table 6f-8. Chromaticity Coordinates of Black Bodies 

(C 2 = 1.438 cm °K) 
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T, °K 


X 


y 


T, °K 


X 


y 


1000 


0.6526 


0.3446 


3400 


0.4109 


0.3935 


1500 


0.5856 


0.3932 


3500 


0.4053 


0.3906 


1600 


0.5731 


0.3993 


3600 


0.3997 


0.3879 


1700 


0.5609 


0.4043 


3700 


0.3945 


0.3849 


1800 


0.5491 


0.4083 


3800 


0.3896 


0.3823 


1900 


0.5377 


0.4112 


3900 


0.3847 


0.3794 


2000 


0.5266 


0.4133 


4000 


0.3804 


0.3767 


2100 


0.5158 


0.4146 


4500 


0.3607 


0.3635 


2200 


0.5055 


0.4152 


5000 


0.3450 


0.3516 


2300 


0.4956 


0.4152 


5500 


0.3324 


0.3410 


2400 


0.4860 


0.4147 


6000 


0.3220 


0.3317 


2500 


0.4769 


0.4137 


6500 


0.3135 


0.3236 


2600 


0.4681 


0.4123 


7000 


0.3063 


0.3165 


2700 


0.4597 


0.4106 


7500 


0.3003 


0.3103 


2800 


0.4517 


0.4086 


8000 


0.2952 


0.3048 


2900 


0.4441 


0.4064 


8500 


0.2907 


0.2999 


3000 


0.4368 


0.4041 


9000 


0.2869 


0.2956 


3100 


0.4298 


0.4015 


9500 


0.2836 


0.2918 


3200 


0.4232 


0.3989 


10000 


0.2806 


0.2883 


3300 


0.4170 


0.3962 


20000 


0.2565 


0.2577 








00 


0.2399 


0.2342 



well-defined dividing line, g zz may be considerably less; e.g., for 5-deg separation 
between large samples g 3Z = 0.005. For extremely small samples, contrasted with 
color of their background, g Z3 ^ 0.5 and g u , 2g X2i g 22 are about 1 per cent of the values 
given in Table 6f-9. 

LOCALLY UNIFORM PORTION OF CHROMATICITY DIAGRAM (in neighborhood of X, y\ 

Plot x values with length of scale unit: U(g n )*; y values with length of scale unit: 
U(g 22 )*; with angle cos -1 ^12/(^11^22)* between scales; where g n , gu, 022 are values 
at x, y, and U is arbitrary constant. 

nearest chromaticity C (selected from continuous series represented by smooth 
locus L) most nearly matching chromaticity C h near but not on L, is at intersection 
of L and straight line through d with slope: m' = — (gn + g\ 2 m)/{g 12 + g 22 m) 
where m is slope of L in neighborhood of d and gn, g 12 , g 22 are values at d. 

Color-mixture Data. Amounts of R, G, B of any red, green, and blue primaries 
(at x r , y r ; x g , y g ; Xb, yb) necessary to match color specified by tristimulus values X, Y, Z: 

R = CiKl - A b0 )X - (A bg + M bg )Y - A bg Z] 
G = C 2 [(a rb + m r b)X + (a rb - 1)Y + a rb Z] 
B = Cz[(a rg + m rg )X + (a rg - 1)F + a rg Z] 

where x = M bg y + A bg is line through (x b , yb) and (x 0t y g ) 

y = rrirbx -f a rb is line through (x b , yb) and (x r , y r ) 

y = m rg x + a rg is line through {x r , y r ) and (x , y g ) 
and Ci, C 2 , C 3 are constants, evaluated by determining values of R, G, B; X, Y, Z for 
one color. 
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Table 6f-9. Coefficients for Evaluation of Color Difference 



y 



x « 0.1 



0.2 



0.3 



0.4 



0.5 



0.6 



0.7 



0ii 



0.7 


22 


17 


28* 










0.6 


23 


18 


30 


69* 








0.5 


24 


21 


33 


63 


71* 






0.4 


26 


27 


40 


39 


37 


33* 




0.3 


30 


57 


128 


47 


28 


18 


14* 


0.2 


73 


160 


182 


62 


38 


24* 


15* 


0.15 


112 


270 


170 


67 


42* 


30* 




0.1 


210* 


380 


158 


70* 


46* 


35* 




0.05 


420* 


385 


150* 











2gv 



0.7 


15 


5 


0.6 


18 


7 


0.5 


21 


8 


0.4 


28 


8 


0.3 


44 


5 


0.2 


65 


-65 


0.15 


71 


-130 


0.1 


60* 


-235 


0.05 


0* 


-360 



-8* 

-9 

-11 

-24 

-135 

-260 

-260 

-260 

-260* 



-23* 
-28 
-38 
-65 
-91 
-99 
-120* 



-33* 

-40 

-53 

-67 

-74* 

-80* 



-40* 
-49 

-58* 
-63* 
-68* 



-47* 
-55* 











022 








0.7 


5 


2 


1* 










0.6 


7 


3 


2 


9* 








0.5 


11 


5 


5 


13 


22* 






0.4 


20 


7 


10 


23 


37 


46* 




0.3 


32 


13 


61 


47 


64 


72 


72* 


0.2 


55 


28 


102 


68 


82 


90* 


90* 


0.15 


90 


36 


118 


80 


91* 


95* 




0.1 


250* 


63 


140 


100* 


100* 


100* 




0.05 


450* 


150 


160* 











* Entries marked with star in this and in Tables 6M0 and 6M1 are for chromaticities beyond domain 
of real colors, but are useful for interpolations. Approximate values for intermediate chromaticities 
may be determined by tabular interpolation. Contour diagrams permitting more accurate interpola- 
tion were published by MacAdam, /. Opt. Soc. Am. S3, 18-26 (1943). 
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Table 6f-10. Maximum Possible Luminous Efficiency (K m ) 
(In lumens per watt of sources having indicated chromaticities) 
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y 


x = 0.1 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


0.7 


475 


590 


677* 


(680 at a; - 0.337, y = 0. 


659) 


0.6 


425 


548 


620 


670* 








0.5 


375 


500 


553 


590 


610* 






0.4 


310 


430 


480 


505 


500 


480* 




0.3 


245 


350 


380 


385 


370 


320 


226* 


0.2 


155 


250 


270 


255 


185 






0.1 


80* 


138 


130 











* See footnote following Table 6f-9. A contour diagram permitting more accurate interpolation 
than Table 6f-10 was published in "The Science of Color,", p. 308, Thomas Y. Crowell Company, New 
York, 1953. 



Table 6f-ll. Maximum Possible Luminous Reflectance 

[For samples having indicated chromaticities when illuminated 

by standard source C (top) and A (bottom)] 



y 


x = 0.1 


0.2 


0.3 


0.4 


0.5 


0.6 


0.7 


re (or tc), % 


0.7 


31 


51 












0.6 


34 


60 


76 


0* 








0.5 


34 


63 


84 


96 


77* 






0.4 


32 


68 


92 


87 


60 


42* 




0.3 


27 


70 


90 


65 


40 


24 


12* 


0.2 


17 


39 


48 


35 


14 






0.1 


0* 


17 


15 










ta (or t A ), % 


0.7 


21 


38 












0.6 


22 


42 


61 


0* 








0.5 


20 


45 


67 


83 


77* 






0.4 


18 


36 


48 


71 


86 


64* 




0.3 


14 


22 


27 


36 


52 


38 


21* 


0.2 


7 


12 


15 


17 


19 






0.1 


0* 


5 


4 











* See footnote following Table 6f-9. Contour diagrams permitting more accurate interpolation 
than Table 6f-ll were published in "The Science of Color,", pp. 310, 311, Thomas Y. Crowell Company, 
New York, 1953. 
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6g-l. Black-body Radiation. These tables contain various radiation functions 
derived from the Planck function 

W(\ T) = X 5 (eC2/X r _ !) 

where W(\, T) is defined as the power radiated per unit wavelength interval at wave- 
length X by unit area of a black body at temperature T°K. c 2 was taken to be 
1.438 cm °K. The constant ci does not enter into the functions here tabulated. 
The maximum value of W(\, T) is given by 

Wm**(T) = 1.290 X lO" 16 ? 76 watt cm" 2 m" 1 
while the Stefan-Boltzmann function is given by 

W dX = 5.679 X lO" 12 ! 74 watt cm" 2 



/; 



6g-2. Optical Pyrometry (Narrow-band Radiation). When an optical pyrometer 
which has been calibrated to read the true temperature of a black-body source is 
sighted on a nonblack source, it reads values of "brightness temperature" T br (\, T) 
lower than the true temperature T°K. Brightness temperature is related to true 
temperature through the following formula, which is derived from Planck's formula: 

m«(x,r)-£(I-i) 

where c 2 = 1.438 cm °K (international temperature scale of 1948) 
€ (\, T) = emissivity of the source at wavelength X and temperature T 
Commercial radiation pyrometers, although broad-band, do not utilize the com- 
plete spectrum of radiant energy. Hence there is no simple formula for precise 
calculation of the effect on temperature readings of varying emittance of the source. 
Table 6g-10 was calculated using the relation 

T (°JZ\ — appafent ( ■' 

where e t is the total emissivity. It may be used to estimate approximate corrections 
in radiation pyrometry. 
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Table 6g-l. Black-body Radiation Functions 
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cm-deg 



0.050 

0.051 

0.052 

0.053 

0.054 

0.055 

0.056 

0.057 

0.058 

0.059 

0.060 

0.061 

0.062 

0.063 

0.064 

0.065 

0.066 

0.067 

0.068 

0.069 

0.070 

0.071 

0.072 

0.073 

0.074 

0.075 

0.076 

0.077 

0.078 

0.079 

0.080 

0.081 

0.082 

0.083 

0.084 

0.085 

0.086 

0.087 

0.088 

0.089 

0.090 

0.091 

0.092 

0.093 

0.094 

0.095 

0.096 

0.097 

0.098 

0.099 

0.100 

0.105 

0.110 

0.115 

0.120 

0.125 

0.130 

0.135 

0.140 

0.145 

0.150 



W(\, T) 



2.999 
4.775 
7.452 
1.142 
1.718 
2.545 
3.709 
5.326 
7.544 
1.054 
1.455 
1.985 
2.676 
570 
713 
613 
984 
025 
305 
1.649 
2.066 
2.571 
3.176 
3.897 
4.751 
5.757 
6.934 
8.304 
9.891 
1.172 
1.382 
1.621 
1.893 
2.201 
2.548 
2.938 
3.373 
3.859 
4.397 
4.993 
5.651 
6.373 
7.165 
8.030 
8.973 
9.998 
1.111 
1.231 
1.360 
1.500 
1.649 
2.563 
3.785 
5.350 
7.281 
9.588 
1.227 
1.530 
1.866 
2.232 
2.622 



X 10" 7 

X 10- 7 

X 10" 7 
X IO" 6 
X 10" 6 

X io-« 
X io-« 

X IO" 6 
X 10"« 
X 10"* 
X IO" 6 

X io-« 
x 10-5 

X IO" 5 
X IO" 5 
X IO" 5 

x 10- 5 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 

X 10-3 
X 10-3 
X 10-3 
X 10-3 
X 10-3 
X IO" 3 
X IO" 3 
X 10-3 
X 10-3 
X IO" 3 
X 10-3 
X IO" 3 
X 10-3 
X IO" 3 
X IO" 3 
X 10-3 

10-3 
IO" 2 
10-2 
IO" 2 
IO*" 2 
IO" 2 

X IO" 2 

X IO" 2 

X 10-2 

X IO" 2 

X 10-2 
X IO" 1 

x io-i 

X IO" 1 
X IO" 1 






Wd\ 



X IO" 1 



1.316 

2.184 

3.552 

5.665 

8.871 

1.366 

2.068 

3.084 

4.532 

6.568 

9.395 

1.327 

1.853 

2.558 

3.493 

4.721 

6.319 

8.380 

1.101 

1.435 

1.856 

2.380 

3.030 

3.831 

4.810 

5.999 

7.436 

9.162 

1.122 

1.367 

1.657 

1.997 

2.395 

2.859 

3.398 

4.020 

4.735 

5.555 

6.491 

7.556 

8.763 

1.013 

1.166 

1.339 

1.532 

1.747 

1.986 

2.252 

2.546 

2.870 

3.228 

5.591 

9.162 

1.431 

2.145 

3.099 

4.336 

5.897 

7.822 

1.015 

1.290 



X IO" 9 
X IO" 9 
X IO" 9 
X IO" 9 
X IO" 9 
X IO" 8 
X IO" 8 
X IO" 8 
X IO" 8 
X IO" 8 
X 10~ 8 

x io- 7 

X IO" 7 
IO" 7 
IO" 7 
IO" 7 

io- 7 

IO" 7 

IO" 6 

IO" 6 

IO" 6 

X IO" 6 

X 10-6 

X IO" 6 

X IO" 6 

x io-« 
x io-« 

X IO" 6 

X IO"* 

X IO" 5 
X 10-6 
X 10-5 
X IO" 5 
X 10~ 5 

X 10- 5 
x 10- 5 
X io- fi 

X IO" 5 
X IO" 5 
X IO" 5 
X IO" 5 
X IO-* 
X 10~ 4 
X IO" 4 
X IO" 4 

x io-* 

X IO"* 
X 10-4 
X IO" 4 
X IO- 4 
X IO" 4 
X IO- 4 
X IO" 4 
X IO" 3 
X IO" 3 
X IO" 3 
X IO" 3 
X IO" 3 
X IO" 3 
X IO" 2 
X IO" 2 



cm-deg 



0.155 

0.160 

0.165 

0.170 

0.175 

0.180 

0.185 

0.190 

0.195 

0.200 

0.22 

0.24 

0.26 

0.28 

0.30 

0.32 

0.34 

0.36 

0.38 

0.40 

0.42 

0.44 

0.46 

0.48 

0.50 

0.52 

0.54 

0.56 

0.58 

0.60 

0.62 

0.64 

0.66 

0.68 

0.70 

0.72 

0.74 

0.76 

0.78 

0.80 

0.82 

0.84 

0.86 

0.88 

0.90 

0.92 

0.94 

0.96 

0.98 

1.0 

1.1 

1.2 

1.3 

1.4 

1.5 

1.6 

1.7 



1.8 
1.9 
2.0 



W(\, T) 
W m&x (T) 



3.032 

3.457 

3.892 

4.332 

4.772 

5.208 

5.636 

6.053 

6.455 

6.840 

8.169 

9.126 

9.712 

9.972 

9.971 

9.771 

9.432 

8.999 

8.512 

7.997 

7.475 

6.961 

6.464 

5.990 

5.543 

5.125 

4.735 

4.375 

4.042 

3.735 

3.453 

3.193 

2.956 

2.737 

2.537 

2.354 

2.185 

2.030 

1.888 

1.758 

1.638 

1.528 

1.426 

1.332 

1.246 

1.166 

1.093 

1.024 

9.613 

9.029 

6.679 

5.035 

3.862 

3.007 

2.375 

1.899 

1 536 

1.255 

1.035 

8.612 



X 10" 

X io- 
X io- 
X io- 
X io- 

X 10" 
X 10" 

X io- 

X 10" 
X 10" 

X io- 
X io- 
X io- 
x io- 
x io- 
x io- 
x io- 
x io- 

X 10" 

x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 

X 10" 

x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 

X IO" 2 
X IO" 2 

X IO" 2 
X IO" 2 

X IO" 2 
X 10-2 
X IO" 2 
X IO" 2 
X IO" 2 
X IO" 2 
X IO" 3 



/: 



Wd\ 



/; 



Wd\ 



1.610 

1.979 

2.396 

2.862 

3.379 

3.946 

4.561 

5.225 

5.935 

6.690 

1.011 

1.405 

1.834 

2.282 

2.736 

3.185 

3.621 

4.040 

4.438 

4.813 

5.164 

5.492 

5.796 

6.079 

6.341 

6.583 

6.807 

7.013 

7.204 

7.381 

7.544 

7.694 

7.834 

7.963 

8.083 

8.194 

8.297 

8.392 

8.481 

8 . 564 

8.641 

8.713 

8.780 

8.843 

8.901 

8.956 

9.007 

9.055 

9.100 

9.143 

9.319 

9.451 

9.551 

9.629 

9.690 

9.738 

9.777 

9.808 

9.834 

9.856 



X IO" 2 
X IO" 2 
X IO" 2 
X IO" 2 
X IO" 2 
X IO" 2 
X IO" 2 
X IO" 2 
X IO" 2 
X IO" 2 

X io- 
X io- 
X io- 
X io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
io- 

10" 

io- 

10" 

io- 

10" 

io- 
io- 

10" 

io- 

io- 

io- 

io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 
x io- 



6-66 



OPTICS 

Table 6g-2. Total Black-body Radiation 



r,°K 


watt cm -2 


watt cm -2 /i"* 1 


T, °K 


watt cm" 4 


W mAX (T), 
watt cm -2 m _1 


1 


5.679 X 10~ 12 


1.290 X 10" 15 


430 


1.942 X 10" 1 


1.896 X 10" 2 


5 


3.549 X 10" 9 


4.030 X 10" 12 


440 


2.128 X 10" 1 


2.127 X 10~ 2 


10 


5.679 X 10~ 8 


1.290 X 10" 10 


450 


2.328 X 10" 1 


2.380 X 10~ 2 


15 


2.875 X 10" 7 


9.794 X 10-^° 


460 


2.542 X lO" 1 


2.656 X 10~ 2 


20 


9.086 X 10~ 7 


4.127 X 10" 9 


470 


2.771 X lO^ 1 


2.958 X 10" 2 


30 


4.600 X10- 6 


3.134 X 10~ 8 


480 


3.015 X 10- 1 


3.286 X 10" 2 


40 


1.454 X 10~ 6 


1.321 X 10" 7 


490 


3.274 X 10- 1 


3.643 X 10" 2 


50 


3.549 X 10~ 6 


4.030 X 10" 7 


500 


3.549 X lO- -1 


4.030 X 10" 2 


60 


7.360 X 10" 5 


1.003 X 10~ 6 


520 


4.152 X 10" 1 


4.904 X 10~ 2 


70 


1.364 X 10" 4 


2.168 X 10"« 


540 


4.829 X 10" 1 


5.922 X lO" 2 


80 


2.326 X lO" 4 


4.226 X 10" 6 


560 


5.585 X 10" 1 


7.103 X 10" 2 


90 


3.726 X 10~ 4 


7.616 X 10" 6 


580 


6.426 X 10" 1 


8.465 X 10~ 2 


100 


5.679 X lO" 4 


1.290 X 10" 5 


600 


7.360 X lO" 1 


1.003 X 10" 1 


110 


8.315 X 10" 4 


2.077 X 10" 6 


620 


8.392 X lO" 1 


1.182 X 10" 1 


120 


1 . 178 X 10" 3 


3.209 X 10" 6 


640 


9.527 X lO" 1 


1.385 X 10" 1 


130 


1 . 622 X 10~ 3 


4.789 X 10" 5 


660 


1.078 


1.615 X 10" 1 


140 


2.181 X 10" 3 


6.936 X 10" 6 


680 


1.215 


1.875 X 10" 1 


150 


2.875 X 10" 3 


9.794 X 10" 6 


700 


1.364 


2.168 X'10" 1 


160 


3.722 X 10" 3 


1.352 X 10" 4 


720 


1.527 


2.496 X 10" 1 


170 


4.743 X 10" 3 


1.831 X 10" 4 


740 


1.703 


2.862 X 10" 1 


180 


5.961 X 10~ 3 


2.437 X 10-« 


760 


1.895 


3.270 X 10" 1 


190 


7.401 X 10" 3 


3.194 X 10~ 4 


780 


2.102 


3.724 X 10" 1 


200 


9.086 X 10~ 3 


4.127 X 10~ 4 


800 


2.326 


4.226 X 10" 1 


210 


1 .105 X lO" 2 


5.267 X 10~ 4 


820 


2.567 


4.782 X lO" 1 


220 


1.331 X 10~ 2 


6.647 X 10" 4 


840 


2.827 


5.394 X 10" 1 


230 


1.590 X 10~ 2 


8.301 X 10" 4 


860 


3.106 


6.067 X lO" 1 


240 


1.885 X 10~ 2 


1.027 X 10~ 3 


880 


3.406 


6.806 X 10" 1 


250 


2.218 X 10~ 2 


1.260 X 10" 3 


900 


3.726 


7.616 X 10" 1 


260 


2.595 X 10~ 2 


1.532 X 10" 3 


920 


4.069 


8.500 X 10" 1 


270 


3.018 X 10~ 2 


1.851 X 10" 3 


940 


4.434 


9.465 X 10~ l 


280 


3.491 X 10~ 2 


2.220 X 10" 3 


960 


4.824 


1.052 


290 


4.017 X 10~ 2 


2.645 X 10" 3 


980 


5.239 


1 . 166 


300 


4.600 X 10~ 2 


3.134 X 10~ 3 


1000 


5.679 


1.290 


310 


5.245 X 10~ 2 


3.692 X 10" 3 


1020 


6.147 


1.424 


320 


5.955 X 10~ 2 


4.328 X 10" 3 


1040 


6.644 


1.569 


330 


6.735 X 10~ 2 


5.047 X 10~ 3 


1060 


7.170 


1.726 


340 


7.589 X 10~ 2 


5.860 X 10" 3 


1080 


7.726 


1.895 


350 


8.522 X lO" 2 


6.774 X 10" 3 


1100 


8.315 


2.077 


360 


9.538 X 10~ 2 


7.799 X 10" 3 


1120 


8.937 


2.273 


370 


1.065 X lO" 1 


8.944 X 10" 3 


1140 


9.591 


2.483 


380 


1 . 184 X lO" 1 


1.022 X 10" 2 


1160 


10.29 


2.709 


390 


1.314 X 10" 1 


1 . 164 X 10~ 2 


1180 


11.01 


2.951 


400 


1.454 X lO" 1 


1.321 X 10~ 2 


1200 


11.78 


3.209 


410 


1.605 X lO" 1 


1.494 X 10" 2 


1220 


12.58 


3.486 


420 


1.768 X 10" 1 


1.686 X 10" 2 


1240 


13.43 


3.781 



Table 



RADIOMETRY 
;-2. Total Black-body Radiation {Continued) 
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T, °K 


f'WdK, 


W m „(T), 


r, °k 


l" Wd\, 
Jo 

watt cm -2 


W m& *(T), 




watt cm -2 


watt cm -2 /x _1 


■*■ f ■"-*• 


watt cm -2 n~ l 


1260 


14.32 


4.096 


I960 


83.81 


37.31 


1280 


15.25 


4.431 


1980 


87.29 


39 25 


1300 


16.22 


4.789 


2000 


90.86 


41.27 


1320 


17.25 


5.169 


2100 


110.5 


52.67 


1340 


18.32 


5.572 


2200 


133.1 


66.47 


1360 


19.43 


6.001 


2300 


159.0 


83.01 


1380 


20.59 


6.455 


2400 


188.5 


102.7 


1400 


21.81 


6.936 


2500 


221.8 


126.0 


1420 


23.09 


7.446 


2600 


259.5 


153.2 


1440 


24.42 


7.986 


2700 


301.8 


185.1 


1460 


25.80 


8.556 


2800 


349.1 


222.0 


1480 


27.24 


9.158 


2900 


401.7 


264.5 


1500 


28.75 


9.794 


3000 


460.0 


313.4 


1520 


30.31 


10.46 


3100 


524.5 


369.2 


1540 


31.94 


11.17 


3200 


595.5 


432.8 


1560 


33.63 


11.92 


3300 


673.5 


504.7 


1580 


35.39 


12.70 


3400 


758.9 


586.0 


1600 


37.22 


13.52 


3500 


852.2 


677.4 


1620 


39.12 


14.39 


3600 


953.8 


779.9 


1640 


41.08 


15.30 


3700 


1065 


894.4 


1660 


43.12 


16.26 


3800 


1184 


1022 


1680 


45.24 


17.26 


3900 


1314 


1164 


1700 


47.43 


18.31 


4000 


1454 


1321 


1720 


49.71 


19.42 


4500 


2328 


2380 


1740 


52.06 


20.57 


5000 


3549 


4030 


1760 


54.50 


21.78 


5500 


5197 


6491 


1780 


57.01 


23.05 


6000 


7360 


10030 


1800 


59.61 


24.37 


6500 


10140 


14960 


1820 


62.31 


25.75 


7000 


13640 


21680 


1840 


65.09 


27.20 


7500 


17970 


30610 


1860 


67.97 


28.71 


8000 


23260 


42260 


1880 


70.94 


30.29 


8500 


29640 


57230 


1900 


74.01 


31.94 


9000 


37260 


76160 


1920 


77.18 


33.65 


9500 


46260 


99800 


1940 


80.44 


35.44 


10000 


56790 


129000 
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OPTICS 
Table 6g-3. Total Normal Emissivity 



Material 




Aluminum, annealed (electropolished) . 



Aluminum oxide layer: 

0.25m thick 

0.50m thick 

1.0m thick 

2.0m thick 

3.0m thick 

4.0m thick 

7.0m thick 

Aluminum lacquer layer: 

0.5m thick 

1.0m thick 

1.5m thick 

2.0m thick 

3.0m thick 

4.0m thick. •• 

5.0m thick 

8.0m thick 

Aluminum : 

Commercial plate 

Commercial plate, polished 

Commercial plate dipped in HN0 3 

Commercial plate dipped in hot hydroxide 

Al vaporized on 0.0005-in. Mylar plastic (both sides) 

Antimony 

Bismuth 

Brass: 

Polished 

Rolled plate 

Shim stock 65/35 

Oxidized 

Cadmium 

Electroplate (mossy) 

Chromium 

Plated on copper 

Plated on iron 

Cobalt 



lOOOf 
500 
300 
300 
300 

311 
311 
311 
311 
311 
311 
311 

311 
311 
311 
311 
311 
311 
311 
311 

373 
373 
373 
373 
300 
295 
1000t 
373 

373 
300 
295 
295 
500 
373 
300 
295 
300-1000 
300 
370 
295 



Emissivity 
(total normal) 



0.07 

0.04 

0.03 

0.018 (76°K)* 

0.011 (4°K) 

0.06 
0.11 
0.30 
0.65 
0.70 
0.70 
0.75 

0.05 
0.08 
0.15 
0.30 
0.38 
0.41 
0.45 
0.57 

0.09 

0.05 

0.05 

0.04 

0.04 (76°K)* 

0.28 

0.3 

0.06-0.19 

0.03 

0.06 

0.029 (76°K)* 

0.018 (4°K) 

0.60 

0.60 

0.02 

0.03 (76°K)* 

0.08-0.26| 

0.08 (76°K)* 

0.08 

0.03 



RADIOMETRY 
Table 6g-3. Total Normal Emissivity (Continued) 
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Material 




Copper : 

Black oxidized 

Scraped 

Commercial polish, 

Electrolytic, careful polish 

Electrolytic, careful polish 

Chromic acid dip 

Polished 

Liquid honed 

Electrolytic polish 

Mechanical polish 

Carefully prepared surface of pure Cu 
Gold 



0.0015-in. foil (on glass or Lucite plastic) 

0.0005-in. foil (on glass or Lucite plastic) 

0.000040-in. foil (on glass or Lucite plastic) 

0.000010-in. leaf (on glass or Lucite plastic) 

Au vaporized onto 2 sides of 0.0005-in. Mylar plastic 

Au plate 0.0002 in. on stainless steel (1 % Ag in Au) . . 

Au plate 0.0001 in. on stainless steel (1% Ag in Au) 

Au plate 0.00005 in. on stainless steel (1 % Ag in Au) 

Au plate 0.0002 in. on copper (1 % Ag in Au) 

Iridium 

Iron: 

Electrolytic 



Oxidized 

Cast iron, polished. . . 
Cast iron, oxidized . . . 
Cast iron, oxidized . . . 
Cast iron, oxidized . . . 
Iron sheet, rusted red 

Galvanized iron 

Steels: 

Stainless, polished . 

Stainless, type 302. 

Stainless, oxidized . . 
Lead : 

Unoxidized, polished . 
Unoxidized, polished . 
0.004-in. foil 



300 
300 
300 
353 
295 
295 
295 
295 
295 
295 
295 
300-1400f 
295 
295 
295 
295 
295 
295 
295 
295 
295 
295 

450-500 
533 
373 
295 
300 
1500 
373 
311 
311 
533 
811 
295 
365 

373 

300 

300-1000 

400-500 
373 
295 
295 



Emissivity 
(total normal) 



0.78 
0.07 
0.03 
0.018 

0.015 (76°K)* 
0.017 (76°K)* 
0.019 (76°K)* 
0.088 (76°K)* 
0.006 (4°K) 
0.015 (4°K) 
0.008 (90°K) 
0.02-0.03J 
0.01 (76°K)* 
0.016 (76°K)* 
0.023 (76°K)* 
0.063 (76°K)* 
0.02 (76°K)* 
0.025 (76°K)* 
0.027 (76 °K)* 
0.027 (76°K)* 
0.025 (76°K)* 
0.04 

0.05-0. 065 t 

0.07 

0.05 

0.05 

0.017 (90°K) 

0.89 

0.74 

0.21 

0.63 

0.66 

0.76 

0.69 

0.07 

0.08 

0.048 (76°K)* 

0.79J 

0.057-0. 075 t 
0.05 

0.036 (76°K)* 
0.011 (4°K) 



6_70 optics 

Table 6g-3. Total Normal Emissivity (Continued) 



Material 



Oxidized at 473°K.... 

Gray oxidized 

Red lead 

Magnesium 

Manganin, bright rolled 

Mercury 

Molybdenum 



Nickel: 

Electrolytic 

Polished. 

Bright matte , 

0.004-in. foil 

Electroplated on iron and polished 

Electroplated on pickled iron and unpolished 

Electroplated on copper 

Oxidized 

Oxidized . . . 

Palladium 

Platinum 



Temp., 
°K 



473 

295 

373 

295 

533 

811 
1000 

391 

295 

295 

273-373 f 

2300 

1800 

1300 

373 

295 



Rhodium 

Plated on stainless steel 
Silver 

Tantalum 



Emissivity 
(total normal) 



0.63 

0.28 

0.93 

0.07 

0.13(295°K) 

0.18(295°K) 

0.21 (295°K) 

0.048 

0.076 (295°K) 

0.073 (90°K) 

0.09-0. 12 t 

0.24 

0.19 

0.13 

0.07 

0.05 



811 


6.10 


533 


0.07 


311 


0.06 


295 


0.04 


395 


0.045 


395 


0.041 


295 


0.022 (76°K)* 


298 


0.045 


295 


0.11 


300 


0.03 (76°K)* 


1500 


0.85 


500 


0.37 


295 


0.03 


1367 


0.18 


811 


0.10 


533 


0.06 


373 


0.05 


295 


0.03 


290 


0.016 (85°K) 


295 


0.05 


295 


0.078 (76°K)* 


811 


0.03 


373 


0.025 


295 


0.022 


273 


0.02 


295 


0.008 (76°K)* 


2300 


0.26 


1800 


0.21 


295 


0.05 



RADIOMETRY 
Table 6g-3. Total Normal Emissivity (Continued) 
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Material 



Zinc. 



Solder, 50-50 solder on Cu. 

Stellite 

Monel metal: 
Polished 



Smooth, not polished . . . 

Everdur, dull 

Copper-nickel 

Water 

Ice: 

Smooth, H 2 

Rough crystals 

Glass 

Lacquer : 

White 

Black matte 

Oil paints, all colors 

Enamel 

Candlesoot 

Plaster 

Paper 

Rubber, hard, glossy plate. 
Quartz (fused) 



Tellurium 

Tin 

0.001-in. foil 

1 % indium 

5 % indium 

Tinned iron sheet 
Tungsten, filament. 



Temp., 
°K 



* th determinations. 

t Liquid phase. 

j Linear interpolation fairly accurate. 



295 

373 
295 
295 
295 
295 
297 
2300 
1800 
1300 
800 
500 
300 
300 
295 
295 
295 
293 

811 
1367 
366 
366 
373 
273-373 

273 
273 
293 

373 

373 
273-373 

295 
273-373 
273-373 

373 

297 

295 



Emissiyity 
(total normal) 



0.22 

0.05 

0.013 (76°K)* 

0.012 (4°K) 

0.012 (4°K) 

0.017 (4°K) 

0.064 

0.28 

0.23 

0.15 

0.088 

0.053 

0.032 

0.019 (85°K) 

0.05 

0.026 (76°K)* 

0.032 (76°K)* 

0.11 

0.10(295°K) 

0.16(295°K) 

0.16 

0.11 

0.059 

0.92-0.96t 

0.96 

0.985 

0.94 

0.925 

0.97 

0.92-0. 96 t 

0.90-0.95 

0.952 

0.91 

0.92 

0.945 

0.932 



6-72 optics 

Table 6g-4. Normal Spectral Emissivities at 295°K 
(Wavelength in microns) 



Material 



0.50 0.60 0.80) 1.0 2.0 3.0 



4.0 I 5.0 



7.0 I 9.0 10 



12 



Aluminum 

Antimony 

Bismuth 

Cadmium 

Chromium 

Cobalt 

Copper. , . . 

Copper, electrolytically deposited 

Copper, commercially pure 

Gold.. 



0.47 



0.45 



0.44 



0.56 
0.47 
0.56 



0.28 
0.17 
0.28 



Gold, electrolytically deposited . 

Graphite 

Iridium 

Iron 

Lead 



0.53 
0.78 



0.16 
0.76 



0.75 



0.43 



0.18 
0.40 
0.32 
0.13 

0.28 



0.05 



0.12 
0.35 
0.28 
0.07 
0.30 
0.23 
0.03 

0.03 
0.03 
0.03 
0.57 
0.09 
0.16 



Magnesium 

Molybdenum 

Nickel 

Nickel, electrolytically deposited 

Palladium 

Platinum 

Platinum, electrolytically 

deposited 

Rhodium 

Silicon 

Silver 

Silver, chemically deposited. 

Tantalum 

Tellurium 

Tin 



0.280.27 



0.55 



0.52 



0.26 
0.48 



0.35 



0.42 
0.24 
0.66 
0.10 
0.09 
0.62 



Tungsten 

Vanadium 

Zinc 

Mach's magnalium 

(69 Al + 31 Mg). 
Steel untempered . . . 

Stellite 

Brass, Trobridge. . . 



0.45 

0.36 
0.23 
0.68 
0.07 



0.50 
0.43 



0.17 
0.45 
0.36 



0.19 
0.71 



0.55 
0.51 



0.36 
0.52 



0.48 
0.41 



0.17 
0.45 



27 



0.08 
0.32 



0.19 



0.07 
0.31 
0.23 
0.04 
0.19 
0.15 
0.02 



0.20 
0.12 
0.12 
0.12 
0.12 
0.11 



0.23 
0.25 
0.09 



0.28 



0.13 
0.17 
0.21 



0.04 
0.29 

0.02 

0.07 

0.02 



0.03 
0.28 
0.19 
0.02 
0.08 
0.04 
0.02 



0.06 
0.07 



0.03 



0.05 
0.06 
0.72 



07 0.07 
43 0.43 



0.18 



0.24 
0.05 
0.18 
0.03 

0.11 
0.11 
0.15 
0.04 



0.06 
0.32 
0.19 



0.02 
0.28 



0.02 



0.03 



0.02 



0.02 
0.41 
0.04 



0.05 
0.01 



0.06 
0.22 
0.16 



0.01 
0.03 



0.04 



0.28 
0.17 
0.01 

0.03 



0.02 
0.02 
0.02 
0.37 

0.05 
0.04 



0.05 



0.03 
0.04 



0.03 
0.04 



0.05 
0.72 



0.014 



0.16 
0.04 



0.12 
0.02 



0.07 



0.03 



0.08 
0.02 

0.10 
0.07 
0.12 
0.02 



0.02 



0.01 
0.05 



0.15 
0.04 



0.01 



0.03 
0.03 
0.04 

0.04 



0.01 
0.01 



0.08 
0.04 
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RADIOMETEY 

Table 6g-5. Spectral Emissivity of Materials, 
Surface Unoxidized, for X = 0.65/lc* 
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Element 



Beryllium 

Carbon. . 
Chromium. . . . 

Cobalt 

Columbium . . . 

Copper 

Erbium ....... 

Gold......... 

Iridium. .. 
Iron ......... . 

Manganese. . . 
Molybdenum . 

Nickel 

Palladium. .. . 
Platinum. .'.-.. 
Rhodium . . . . . 
Silver. . . 
Tantalum. 



Solid 



0.61 
.80-0.93 
0.34 
0.36 
0.37 
0.10 
0.55 
0.14 
0.30 
35 
0.59 
0.37 
36 
0.33 
0.30 
0.24 
0.07 
0.49 



Liquid 



0.61 

0.39 
0.37 
0.40 
0.15 
0.38 
0.22 

0.37 
0.59 
0.40 
0.37 
0.37 
0.38 
0.30 
0.07 



Element 



Thorium 

Titanium 

Tungsten 

Uranium 

Vanadium 

Yttrium 

Zirconium 

Steel 

Cast iron 

Constantan 

Monel 

Chromel P (90 Ni, 10 Cr) 

80 Ni, 20 Cr 

60 Ni, 24 Fe, 16 Cr 

Alumel (95 Ni; bal. Al, 

Mn, Si) 

90 Pt, 10 Rh 



Solid 


0.36 


0.63 


0.43 


0.54 


0.35 


0.35 


0.32 


0.35 


0.37 


0.35 


0.37 


0.35 


0.35 


0.36 


0.37 


0.27 



Liquid 

0.40 
0.65 

0.34 
0.32 
0.35 
0.30 
0.37 
0.40 



* American Institute of Physics, "Temperature, Its Measurement and Control in Science and 
Industry," p. 1313, Reinhold Publishing Corporation, New York, 1941. 

6g-3. Emissivity of Solids 

€ n = total normal emissivity (emission of radiant energy of all wavelengths normal to 
the specified surface divided by the corresponding emission from a black body) 

€ h = total hemispherical emissivity (emissivity for radiation into a hemisphere cen- 
tered on the normal to the emitting surface) 

a = total absorptivity (fraction of energy incident on a surface which is absorbed: 
quantities a„ and a h analogous to €„ and e h may be distinguished) 

r = reflectivity (fraction of incident energy which is reflected) 

T =* temperature 



For metals: 



- = (1.05-1.33) (most metals ^ 1.2) 



For nonmetals: - *= (0.95-1.05) (most nonmetals ^ 0.98) 

Emissivities increase with surface roughness and, for metals, increase with work- 
hardening, addition of impurities, or formation of contaminating surface films such as 
oxides. An emissivity value followed by a temperature means absorptivity at that 
temperature for the black-body radiation of temperature in the °K column. Other 
values, not separately identified, were calculated from reflectivity data. At equi- 
librium (emitter and absorber at the same temperature) we have 

(e = a = 1 — t)t 

The above relation would not strictly apply if the absorbing surface and the source 
of radiation were at different temperatures, because the distribution of energy with 
wavelength changes with the temperature of the radiating source, and the emissivities 
of materials vary with the wavelength of the radiation. 
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Table 6g-6. Spectral Emissivity of Oxides for X = 0.65/x* 



Material 



Aluminum oxide 

Beryllium oxide 

Cerium oxide . . 

Chromium oxide 

Cobalt oxide 

Columbium oxide 

Copper oxide 

Iron oxide. . . 

Magnesium oxide 

Nickel oxide. . 

Thorium oxide ............. 

Tin oxide . . . • 

Titanium oxide 

Uranium oxide • ... . 

Vanadium oxide 

Yttrium oxide. . 

Zirconium oxide 

Alumel (oxidized) 

Cast iron (oxidized) 

Chromel P (90 Ni, 10 Cr) (oxidized) . 

80 Ni, 20 Cr (oxidized) 

60 Ni, 24 Fe, 16 Cr (oxidized) 

55 Fe, 37.5 Cr, 7L5 Al (oxidized).... 
70 Fe, 23 dr, 5 Al, 2 Co (oxidized). 
Constantan (55 Cu, 45 Ni) (oxidized) . 

Carbon steel (oxidized) 

Stainless steel (18-8) (oxidized) 

Porcelain 



Range of 

observed 

values 



0.22-0.40 
0.07-0.37 
0.58-0.80 
0.60-0.80 



0.18-0.43 



0.55-0.71 

0.60-0.80 

0.63-0.98 

0.10-0.43 

0.85-0.96 , 

0.20-0.57 

0.32-0.60 ; 



0.25-0.50 



Probable value for 
the oxide formed 
on smooth metal 



0.30 
0.35 

0.70 
0.75 
0.70 
0.70 
0.70 
0.20 
0.90 
0.50 

0.50 
0.30 
0.70 
0.60 
0.40 
0.87 
0.70 
0.87 
0.90 
0.83 
0.78 
0.75 
0.84 
0.80 
0.85 



The emissivity of oxides and oxidized metals depends to a large extent upon the roughness of the 
surface. In general, higher values of emissivity are obtained on the rougher surfaces. 

♦American Institute of Physics, "Temperature, Its Measurement and Control in Science and 
Industry," p. 1313, Reinhold Publishing Corporation, New York, 1941. 



RADIOMETRY 6^75 

Table 6g-7. Total Emissivity of Metals, Surface Unoxidized* 



Material 



Aluminum .... 

Bismuth 

Carbon 

Chromium . . . 

Cobalt 

Columbium . . 

Copper 

Gold 

Iron 

Lead, 

Mercury 

Molybdenum. . 

Nickel 

Platinum 

Silver 

Tantalum 

Tin 

Tungsten 

Zinc 

Brass 

Cast iron 

Steel 



25°C 



0.022 
0.048 
0.081 



0.10 

045 
0.037 



0.043 
0.024 



100°C 



0.028 
0.061 
0.081 
0.08 



0.02 
0.02 
0.05 
0.05 
0.12 

0.06 

0.047 

0.02 



0.05 

0.032 

(0.05 at 300°C) 

0.035 

0.21 

0.08 



0.035 



500°C 



0.060 
0.079 
0.13 



0.03 



0.12 

0.096 

0.035 



0.071. 



1000°C 



0.23 
(Liquid 0.15) 



0.13 
0.19 
0.152 



0.15 



1500°C 



0.19 



0.19 
0.191 
0.21 
0.23 



(Liquid 0.29) 
(Liquid 0.28) 



2000°C 



0,24 



0.24 

0.26 
0.28 



* American Institute of Physics, "Temperature, Its Measurement and Control in Science and 
Industry, p. 1314, Reinhold Publishing Corporation, New York, 1941. 



Table 6g-8. Relation between Brightness Temperature and True 

Temperature for Various Values of Spectral 

Emissivity at X = 0.65m* 



Brightness temp., °C 


800 


1000 


1200 


1400 


1600 


1800 


2000 


Emissivity e (0.65m) 






Tru 


te temp., 


°C 






0.05 


982 


1265 


1567 


1846 


2236 


2609 


3011 


0.10 


934 


1194 


1467 


1752 


2054 


2370 


2704 


0.15 


909 


1156 


1413 


1681 


1958 


2248 


2549 


0.20 


891 


1130 


1377 


1632 


1895 


2168 


2451 


0.30 


867 


1095 


1329 


1567 


1813 


2064 


2320 


0.40 


850 


1071 


1296 


1525 


1757 


1995 


2236 


0.50 


837 


1053 


1272 


1493 


1717 


1944 


2174 


0.60 


827 


1039 


1252 


1467 


1685 


1905 


2125 


0.70 


819 


1027 


1236 


1447 


1659 


1872 


2087 


0.80 


812 


1017 


1222 


1429 


1636 


1844 


2054 


0.90 


805 


1008 


1210 


1413 


1617 


1821 


2025 



t t Amer !f* n . I ? st 1 i ] U i e .?. f 1 Physic8 ' "Temperature, Its Measurement and Control in Science and 
Industry," Reinhold Publishing Corporation, New York, 1941. 
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Table 6g-9. Relation between Apparent and True Temperature 
for Various Values of the Total Emissivity* 



Apparent 
temp., °C 


100 


200 


400 


600 


800 


1000 


1200 


1400 


1600 


1800 


Total 










True temp., °C 








emissivity e t 


















0.05 


422 


686 


1137 


1567 


1993 


2317 


2841 


3264 


3687 


4110 


0.10 


316 


536 


913 


1275 


1632 


1989 


2345 


2701 


3057 


3413 


0.15 


264 


460 


799 


1126 


1449 


1771 


2093 


2415 


2736 


3058 


0.20 


231 


410 


725 


1029 


1330 


1629 


1929 


2228 


2527 


2827 


0.30 


189 


347 


630 


904 


1175 


1446 


1717 


1987 


2258 


2528 


0.40 


164 


307 


568 


823 


1075 


1327 


1579 


1830 


2082 


2333 


0.50 


146 


278 


523 


763 


1002 


1240 


1478 


1716 


1954 


2192 


0.60 


132 


255 


489 


718 


945 


1173 


1400 


1628 


1855 


2082 


0.70 


121 


238 


461 


680 


900 


1119 


1337 


1556 


1775 


1993 


0.80 


113 


223 


437 


649 


861 


1073 


1284 


1496 


1707 


1919 


0.90 


106 


211 


417 


623 


828 


1034 


1239 


1445 


1650 


1855 



♦ American Institute of Physics, "Temperature, Its Measurement and Control in Science and 
Industry," Reinhold Publishing Corporation, New York, 1941. 
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Table 6g-10. Efficiencies of Illuminants* 
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Lamp 



Acetylene 

Arc, electric: 

Carbon, enclosed d-c. . . 

Carbon, open d-c 

High intensity 

Magnetite d-c 

Gas burner, open flame . . . 
Gas mantle, incandescent: 

High pressure 

Low pressure 

Incandescent electric car- 
bon filament : 

First commercial 

Squirted cellulose 

Metalized 

Tungsten filaments: 

Vacuum 

Gas-filled. ............ 



Rating, or specification 



Gas-filled 

Gas-filled 

Gas-filled 

Gas-filled 

Fluorescent lamps: 

General line 

General line 

General line , 

Slimline 

Slimline 

General line 

General line 

General line 

General line 

Mercury lamps 



1.0 liters/hr 

6.6 amp opal globe and reflector 

9.6 amp clear globe 

150 amp bare arc 

6.6 amp 

Bray high pressure 

0.578 lumens/Btu/hr 
0.350 lumens/Btu/hr 



Sodium . 



25 watt 120 volt (1,000 hr life) 

40 watt 120 volt (1,000 hr life) 

60 watt 120 volt (1,000 hr life) 

100 watt 120 volt (750 hr life) 

1,000 watt 120 volt (1,000 hr life) 

5,000 watt 120 volt (75 hr life) 

20 watt standard warm white (T12) 
40 watt standard warm white (T12) 
90 watt standard warm white (T17) 
96T8 (120 ma) standard warm white 
96T12 (425 ma) standard warm white 

40 W daylight (T12). 

40 W green (T12) 
40 W blue (T12) 
40 W red (T12) 
400 W (El) 
1,000 W (A6) 
10,000 lumen 



Eff. 



0.67 

5.9 
11.8 
18.5 
21.6 

0.22 

2.0 
1.2 



1.6 
3.3 
4.0 

10.6 
11.6 
13.9 
16.3 
21.6 
32.8 

50.0 
64.0 
58.0 
76.0 
69.0 
54.0 
84.0 
33.0 
3.6 
50.0 
65.0 
55.0 



Ab. eff. 



0.0010 

0.0087 
0.0173 
0.0272 
0.0318 
0.00032 

0.0030 
0.0018 



0.0023 
0.0048 
0.0059 

0.0156 
0.0171 
0.0204 
0.0239 
0.0318 
0.0482 

0.0735 
0.0940 
0.0850 
0.1115 
0.1015 
0.0795 
0.1235 
0.0485 
0.0053 
0.0735 
0.0955 
0.0808 



The rating listed is the commercial rating of the lamp. The absolute efficiency is the equivalent 
power m light flux (0556 M ) per watt input. Efficiency is given in lumens per watt input. 

Pnm^n ?q^i°o« o iStry i a ?i Ph T yS . i f '1' 3 . 6th ed " pp * 2480 ' 2481 ' Chemical Rubber Publishing 
Company, 1954-1955. Compiled by J. M. Smith and C. E. Weitz. 
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Table 6g-ll. Approximate Brightness of Various Light Sources* 



Source 


Lam- 
berts f 


Natural sources: 


Average brightness 
At meridian 
Near horizon 
Bright spot 

Bright spot 
Bright spot 
Fishtail burner 
Bright spot 
Mees burner 

Vacuum lamp, 10 lumens per 

watt 
Gas-filled lamp, 20 lumens 

per watt 
750-watt projector lamp, 26 

lumens per watt 

Positive crater 7 mm non- 
rotating 

Positive crater 8 mm non- 
rotating 

Positive crater 13.6 mm non- 
rotating 

Positive crater 

50-in. a-c rectified tube 

Water-cooled 
10,000 lumens 


2.5 


Sun (as observed from earth's surface) . . . 
Sun (as observed from earth's surface) ... 
Moon (as observed from earth's surface) . 
Combustion sources : 

Candle flame (sperm) 


519,000 

1,885 

0.8 

3.1 




3.8 




1.3 




20.0 




34.0 


Incandescent electric lamps: 

Carbon filament 


165 


Metalized carbon filament (Gem) 

Tungsten filament 


300 
650 


Tungsten filament • 


3,800 


Tungsten filament 


7,500 


Fluorescent lamps: 

20 watt T12 standard warm 
40 watt T12 standard warm 
96T12 standard warm white 


white 

white 


1.67 

2.10 

2.052 


Electric-arc lamps: 

Plain carbon arc ......*.... 




55,000 


"Hrdrh-int.p'nsit.v carbon arc 


125,000 




220,000 




314,000 


Mercury lamps: 


6.6 


400 W (HI) 


440 


1 000 W (A6) . 


94,000 




18 




1 



♦"Handbook of Chemistry and Physics," 36th ed., pp. 2481, 2482, Chemical Rubber Publishing 
Company, 1954-1955. Compiled by J. M. Smith and C. E. Weitz. 

t To convert Lamberts to foot-Lamberts multiply by 929. 
divide by ir. 



To convert Lamberts to candles/cm 2 
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Table 6g-12. Properties of Tungsten* 
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Temp., 


Normal 
brightness 


Spectral 
emissivity 


Color 


Total 


Bright- 
ness 


Color 


°K 


new 
candles /cm 






emis- 
sivity 


emis- 
sivity 


temp. 
0.65m 






2 0.65m 


0.467m 


temp. 


300 




472 


505 




0.032 
0.042 
0.053 
0.064 
0.076 
0.088 
0.101 
0.114 






400 














500 














600 














700 














800 














900 














1000 


0.0001 


0.458 


0.486 


0.395 


966 


1007 


1100 


0.001 


0.456 


0.484 


392 


0.128 


1059 


1108 


1200 


0.006 


0.454 


0.482 


0.390 


0.143 


1151 


1210 


1300 


0.029 


0.452 


0.480 


0.387 


0.158 


1242 


1312 


1400 


0.11 


0.450 


0.478 


0.385 


0.175 


1332 


1414 


1500 


0.33 


0.448 


0.476 


0.382 


0.192 


1422 


1516 


1600 


0.92 


0.446 


0.475 


0.380 


0.207 


1511 


1619 


1700 


2.3 


0.444 


0.473 


0.377 


0.222 


1599 


1722 


1800 


5.1 


0.442 


0.472 


0.374 


0.236 


1687 


1825 


1900 


10.4 


0.440 


0.470 


0.371 


0.249 


1774 


1928 


2000 


20.0 


0.438 


0.469 


0.368 


0.260 


1861 


2032 


2100 


36 


0.436 


0.467 


0.365 


0.270 


1946 


2136 


2200 


61 


0.434 


0.466 


0.362 


0.279 


2031 


2241 


2300 


101 


0.432 


0.464 


0.359 


0.288 


2115 


2345 


2400 


157 


0.430 


0.463 


0.356 


0.296 


2198 


2451 


2500 


240 


0.428 


0.462 


0.353 


0.303 


2280 


2556 


2600 


350 


0.426 


0.460 


0.349 


0.311 


2362 


2662 


2700 


500 


0.424 


0.459 


0.346 


0.318 


2443 


2769 


2800 


690 


0.422 


0.458 


0.343 


323 


2523 


2876 


2900 


950 


0.420 


0.456 


0.340 


0.329 


2602 


2984 


3000 


1260 


0.418 


0.455 


0.336 


0.334 


2681 


3092 


3100 


1650 


0.416 


0.454 


0.333 


337 


2759 


3200 


3200 


2100 


0.414 


0.452 


0.330 


0.341 


2837 


3310 


3300 


2700 


0.412 


0.451 


0.326 


0.344 


2913 


3420 


3400 


3400 


0.410 


0.450 


0.323 


0.348 


2989 


3530 


3500 


4200 


0.408 


0.449 


0.320 


0.351 


3063 


3642 


3600 


5200 


0.406 


0.447 


0.317 


0.354 


3137 


3754 



,o« H o ndb ° 0k °i S^™?*^ a P d Ph y sics '" 36 <* <**-. P. 2691, Chemical Publishing Company, 1954- 
1955. Roeser and Wensel, National Bureau of Standards. 
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OPTICS 



6g-4 Stellar Radiation. Brightness of stars as seen by any photoreceiver may be 
expressed as a stellar magnitude, related to the effective irradiance I in watts/cm* 
received from the star: 

Stellar magnitude m = — 2.5 logio -^ 



The effective irradiance / from the star as seen by a photoreceiver is 



-/.' 



J(A)<r(\) d\ 



where J\ = spectral distribution of radiation received from the star, in watts/cm 
per wavelength increment d\. J(\) for stars approximates black-body 
distribution for the assumed surface temperatures. 
^(X) = photoreceiver's spectral-response function normalized at the response 
peak. Spectral response of a number of photosensitive surfaces is 
shown in Figs. 6g-l and 6g-2. 
For visual magnitude 

j = * x l0~< 24 - 18/2 - 5) =* 3.1 X 10"" 13 watts/cm 2 

(cf. definition of lumen, page 6-9; definition of stellar magnitude, "Smithsonian 
Tables," 8th ed., Table 798). 

Star brightness as seen by photoreceivers other than the eye is also expressed as a 
stellar magnitude (e.g., bolometric magnitude, photographic magnitude). The 
magnitude scales are generally adjusted by setting h so that a class AO star (surface 
temperature 11,000°K) appears of the same magnitude to each photoreceiver. For 
stars at other temperatures the effective-irradiance integral can be evaluated to 
obtain an index, which when added to visual magnitude gives the star's magnitude 
as seen by other receivers. Early stellar photometry used the non-color-sensitized 
(blue-sensitive) photographic plate; the difference between photographic and visual 
magnitude was called color index. Difference between bolometric and visual magni- 
tude was called heat index. Indices for the principal spectral classes of stars and tor 
several photoreceivers are given in Table 6g-13. 

Table 6g-13. Color Indices of Various Stellar Spectral Classes 





Approx 
eff. surface 
temp., °K 


Index 


Spectral 
class 


Photographic, 
visual 


Bolometric, 
visual 


S4 photosurface, 
visual 


PbS, 
visual 


BO 

AO 

FO 

gGO 

gKO 

gMO 


20,000 
11,000 
7,500 
5,000 
4,200 
3,400 


-0.30 


+0.33 
+0.70 
+1.12 
+ 1.70 


-1.4 


+0.6 
+0.4 
+0.1 
-0.8 


-0.15 


+0.30 
+0.7 
+ 1.0 
+ 1.1 


+0.2 


-0.4 
-1.0 
-1.5 
-2.6 



Effective temperature: Kuiper, Astrophys. J. 88, 464 (1938). 

S4 index: computed from manufacturers' data on 1P21 photomultipher. 

Bolometric index: Kuiper, Astrophys. J. 88, 452 (1938). 

Photographic index: "Smithsonian Tables, 8th ed. 

PbS index: computed from manufacturers data. 
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WAVELENGTH IN MICRONS 
Fig. 6g-l. Characteristics of globar and glower sources. 
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Fig. 6g-2. Emissivity of globar. 
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Table 6g-14. Brightness of Stars as Seen by Various Photoreceivers 



Star 



Sirius 

Canopus 

a Centauri 

Vega 

Capella 

Arcturus 

Rigel 

Procyon 

Achernar 

Betelgeuse (var.) 

/3 Centauri 

Altair 

a Crucis 

Aldebaran 

Pollux. .. .. 

Spica 

Antares. ...... 

Fomalhaut 

Deneb 

Regulus 

|8 Crucis 

Castor 

y Crucis 

e Canis Majoris. 
e Ursa Majoris. . 

y Orionis 

X Scorpii 

e Carniae 

e Orionis 

jSTauri 

/3 Carniae 

a Triang. Aust.. 

a. Persei 

77 Ursa Majoris. . 
y Geminorum . . . 
a Ursa Majoris. . 

e Sagitarii 

5 Canis Majoris. 
|8 Canis Majoris. 



Spectral 
type 



AO 

FO 

GO 

AO 

GO 

KO 

B8p 

F5 

B5 

MO 

Bl 

A5 

Bl 

K5 

KO 

B2 

MO 

A3 

A2p 

B8 

Bl 

AO 

M3 

Bl 

AOp 

B2 

B2 

KO 

BO 

B8 

AO 

K2 

F5 

B3 

AO 

KO 

AO 

F8p 

Bl 



Visual 
magnitude 



-1.58 
-0.86 

0.06 

0.14 

0.21 

0.24 

0.34 

0.48 

0.60 

0.7 ± 0.5 

0.86 

0.89 

1.05 

1.06 

1.21 

1.21 

1.22 

1.29 

1.33 

1.34 

1.50 

1.58 

1.61 

1.63 

1.68 

1.70 

1.71 

1.74 

1.75 

1.78 

1,80 

1.88 

1.90 

1.91 

1.93 

1.95 

1.95 

1.98 

1.99 



S4 photosurface 
magnitude 



-1.6 
-0.6 

0.8 

0.1 

0.9 

1.3 

0.3 

1.0 

0.5 

1.8 ± 0. 

0.7 

1.0 

0.9 

2.1 

2.2 

1.1 

2.3 

1.4 

1.4 

1.3 

1.4 

1.6 

2.7 

1.5 

1.7 

1.6 

1.6 

2.7 

1.6 

1.7 



8 
9 
4 
8 
9 


6 
1.9 



Lead sulfide 
magnitude 



-1.6 
-1.3 
-0.9 

0.1 
-0.8 
-1.3 

0.3 
-0.2 

0.7 
-1.9 ± 0.5 

1.1 

0.7 

1.3 
-0.8 
-0.3 

1.4 
-1.4 

1.2 

1.2 

1.4 

1.7 

1.6 
-1.4 

1.8 

1.7 

1.9 

1.9 

0.2 

2.0 

1.8 

1.8 

0.2 

1.2 

2.1 

1.9 

0.5 

2.0 

1.1 

2.2 
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Table 6h-l. Wavelength Standards for the Vacuum Ultraviolet* 








Esti- 








Esti- 


Wavelength, 
A 


Inten- 
sity 


Spec- 
trum 


mated 

relative 

error 

(±mA) 


Wavelength, 
A 


Inten- 
sity 


Spec- 
trum 


mated 

relative 

error 

(±mA) 


1,942.273 


20 


Hgn 


2 


1,730.874 


2 


Ni 


3 


1,930.902 


10 


Ci 


2 


1,727.332* 


4 


Si i 


3 


1,900.284 


5 


Hgn 


2 


1,721.081 


20 


Cn 


3 


1,880.969 


5 


Si i 


2 


1,720.158 


18 


Cn 


4 


1,870.547 


20 


Hgn 


4 


1,707.397 


4 


Hgn 


4 


1,869.548 


8 


Hgn 


2 


1,704.558* 


4 


Si i 


4 


1,867.590 


1 


Nn 


3 


1,702.805* 


8 


Si i 


4 


1,864.742 


5 


Nil 


2 


1,702.733 


8 


Hgn 


4 


1,862.806 


2 


Nn 


5 


1,700.522 


3 


Si i 


4 


1,861.750° 


1 


Si i 


2 


1,693.756 


15 


Si i 


4 


1,859.406 


3 


Nil 


I 


1,676.913 


5 


Si i 


4 


1,857.956- 


8 


Nil 


4 


1,672.405 


2 


Hgn 


3 


1,853.260 


3 


Si i 


4 


1,658. 117 c 


20 


Ci 


1 


1,850.665 


5 


Si i 


5 


l,657.899 c 


15 


Ci 


4 


1,849.497 


50R b 


Hgi 


4 


1,657.541 


1 


Ci 


5 


1,849.380 


5 


Nil 


4 


1,657.374' 


10 


Ci 


1 


1,848.237 


5 


Si i 


4 


1,657.243 


1 


Ci 


5 


1,846.014 


8 


Nn 


4 


1,657.001* 


30 


Ci 


1 


1,844.304 


10 


Nn 


4 


l,656.923 c 


15 


Ci 


1 


1,842.066 


1 


Nn 


5 


1,656.454 


4 


Ci 


4 


1,839.995 


4 


Si i 


4 


1,656.259 


15 


Ci 


1 


1,833.264 


1 


C 


5 


1,654.055 


5 


Ci 


3 


1,831.973 


5 


Nn 


4 


1,653.644 


2 


Hgn 


3 


1,830.458 


4 


Nn 


4 


1,649.932 


10 


Hgn 


4 


1,820.336 


20 


Hgn 


4 


1,640.474 


80* 


Hen 


4 


1,816.921 


8 


Sin 


2 


1,640.342 


100* 


Hen 


2 


1,808.003 


5 


Sin 


4 


1,630.180 


2 


Si i 


3 


1,807.303 


30 


Nn 


5 


1,629.931 


4 


Si i 


4 


1,803.888 


2 


Hgn 


2 


1,629.830 


4 


Nn 


4 


1,796.897 


15 


Hgn 


4 


1,629.366 


4 


Si i 


4 


1,787.805* 


10 


Si i 


2 


1,613.251 


4 


He ii 


4 


1,782.817 


15 


Na in 


4 


1,605.321 


1 


Hen 


3 


1,775.677 


1 


Hgi 


4 


1,602.598 


15 


Ci 


3 



1 This section presents calibration standards in the ultraviolet and infrared wavelength 
regions. For corresponding data on visible wavelengths, see Sec. 7. 
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Table 6h-l. Wavelength Standards for the Vacuum Ultraviolet* (Continued) 









Esti- 








Esti- 


Wavelength, 


Inten- 


Spec- 


mated 
relative 


Wavelength, 


Inten- 


Spec- 


mated 
relative 


A 


sity 


trum 


error 

(±mA) 


A 


sity 


trum 


error 

(±mA) 


1,774.941" 


20 


Si i 


4 


1,592.245 


4 


Si i 


3 


1,769.658° 


1 


Si i 


4 


1,589.607 


2 


Si i 


3 


1,753.113° 


2 


Si i 


3 


1,574.035 


1 


Nn 


3 


1,749.771° 


1 


Si i 


5 


1,561.433 


20 


Ci 


2 


1,745.246 


30 


Ni 


3 


1,561.339 


5 


Ci 


4 


1,743.322 


10 


N ii 


4 


1,560.687° 


15 


Ci 


12 


1,742.724 


60 


Ni 


3 


1,560.301 


2 


Ci 


5 


1,740.327 


15 


Nil 


3 


1,504.474 


5 


Hg in 


4 


1,736.582 


8 


Si i 


4 


1,494.673 


60 


Ni 


4 


1,732.142 


15 


Hgn 


4 


1,492.824 


30 


Ni 


4 


1,492.624 


80 


Ni 


5 


1,280.403* 


5 


Ci 


4 


1,485.600 


8 


Si ii 


2 


l,280.340 e 


15 


Ci 


1 


1,481.760 


30 


Ci 


3 


1,280. 140* 


8 


Ci 


1 


1,470.082 


5 


Ci 


3 


1,279.897* 


10 


Ci 


1 


1,469.844 


15 


Ci 


4 


1,279.230 


8 


Ci 


3 


1,467.405 


20 


Ci 


3 


1,277.727 


20 


Ci 


1 


1,466.723 


5 


N i 


4 


1,277.551 


50 


Ci 


4 


1,463.838 


40 


C 


3 


1,277.282 


40 


Ci 


1 


1,463.346 


40 


Ci 


2 


1,276.754 


3 


Nii 


1 


1,459.034 


20 


Ci 


4 


1,265.001 


1 


Sin 


1 


1,439.094 


10 


Sin 


2 


1,261.559' 


15 


Ci . 


1 


1,411.948 


30 


N i 


3 


1,261.430' 


8 


Ci 


4 


1,393.322 


1 


Hg in 


2 


1,261.128' 


8 


Ci 


1 


1,364.165 


8 


Ci 


4 


1,261.000' 


8 


Ci 


1 


1,361.267 


8 


Hgn 


4 


1,260.930' 


8 


Ci 


2 


1,357.140 


5 


Ci 


2 


1,260.738' 


8 


Ci 


1 


1,355.598 


2 


Oi 


3 


1,259.523 


10 


Ci 


3 


1,354.292 


8 


Ci 


3 


1,253.816 


5 


Ci 


1 


1,350.074 


4 


Hgn 


2 


1,251.164 


8 


Sin 


4 


1,335.692 


80 


Cn 


5 


1,250.586 


4 


Hgi 


4 


1,335.184 


8 


Hg 


3 


1,248.426 


5 


Sin 


4 


1,334.520 


60 


Cn 


5 


1,246.738 


1 


Sin 


3 


1,331.737 


20 


Hgn 


4 


1,243.309 


15 


Ni 


4 


1,329.590 


40 


Ci 


1 


1,243.179 


20 


Ni 


1 


1,329.108 


40 


Ci 


2 


1,229.172 


1 


Ni 


1 


1,328.836° 


15 


Ci 


10 


1,228.790 


10 


N i 


4 


1,327.927 


10 


Ni 


2 


1,228.410 


5 


Ni 


4 


1,326.572 


15 


N i 


4 


1,225.372 


10 


Ni 


1 


1,321.712 


20 


Hgn 


3 


1,225.028 


15 


Ni 


4 


1,319.684 


30 


Ni 


4 


1,215.662 


100R h 


H 


5 


1,319.003 


20 


Ni 


2 


1,215.167 


5 


He ii 


5 


1,316.287 


1 


Ni 


1 


1,215.086 


5 


Hen 


4 


1,311.365 


20 


Ci 


3 


1,200.708* 


30 


Ni 


2 
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Table 6h-l. Wavelength Standards for the Vacuum Ultraviolet* (Continued) 









Esti- 








Esti- 


Wavelength, 
A 


Inten- 
sity 


Spec- 
trum 


mated 

relative 

error 

(±mA) 


Wavelength, 
A 


Inten- 
sity 


Spec- 
trum 


mated 

relative 

error 

(±mi) 


1,310.952 


25 


Ni 


1 


1,200.226' 


40 


Ni 


1 


1,310.548 


25 


Ni 


3 


1,199.718* 


2 


Ni 


4 


1,309.278 


3 


Sin 


5 


1,199.551* 


50 


Ni, Cj 


[ 5 


1,307.928 


10 


Hgn 


3 


1,194.496 


5 


Si i 


1 


1,306.036 


25 


Oi 


3 


1,194.060 


3 


Ci 


3 


1,304.872 


30 


Oi 


5 


1,193.674 


3 


Ci 


3 


1,302.173 


30 


Oi 


1 


1,193.388* 


3 


Ci 


8 


1,288.430 


5 


Ci 


3 


1,193.243 


15 


Ci 


2 


1,280.852* 


10 


Ci 


1 


1,193.013 


15 


Ci 


4 


1,280.604* 


8 


Ci 


3 


1,189.628 


5 


Ni 


4 


1,189.244 


3 


Ni 


3 


1,069.984 


30 


Ni 


1 


1,188.972 


5 


Ni 


1 


1,068.476 


35 


Ni 


4 


1,177.694 


15 


Ni 


3 


1,067.607 


35 


Ni 


4 


1,176.626 


3 


Ni 


5 


1,041.688 


1 


Oi 


4 


1,176.508 


15 


Ni 


1 


1,040.941 


15 


Oi 


4 


1,170.276 


1 


Ni 


3 


1,039.233 


20 


Oi 


4 


1,169.692 


1 


Ni 


1 


1,037.627 





O 


3 


1,168.537 


20 


Ni 


4 


1,037.020 





Cn 


1 


1,168.334 


8 


Ni 


4 


1,028.162 


8 


Oi 


3 


1,167.450 


25 


Ni 


4 


1,027.433 


20 


Oi 


3 


1,164.322 


8 


Ni 


3 


1,025.728 


60 


H 


3 


1,163.884 


12 


Ni 


4 


1,025.298 


2* 


Hen 


5 


1,158.138 


1 


Ci 


5 


990.805* 


2 


Oi 


4 


1,158.030 


8 


Ci 


4 


990,210* 


8 


Oi 


4 


1,152.149 


2 


Oi 


5 


990,132* 


1 


Oi 


4 


1,134.988 


25 


Ni 


4 


988,776* 


15 


Oi 


4 


1,134.426 


25 


Ni 


4 


988,661** 


2 


Oi 


4 


1,134.176 


20 


Ni 


4 


977,967 


1 


Oi 


4 


1,101.293 


40 


Ni 


5 


964.626 


1 


Ni 


4 


1,100.362 


30 


Ni 


4 


963.991 


5 


Ni 


4 


1,099.259 


40 


Hgn 


3 


953.658 


15 


Ni 


4 


1,099.153 


25 


Ni 


5 


953.415 


15 


Ni 


3 


1,098.264 


40 


Ni 


5 


952.522 


4 


Ni 


4 


1,098.103 


40 


Ni 


5 


952.414 


8 


Oi 


4 


1,097.990 


25 


Ni 


4 


952.304 


8 


Ni 


4 


1,097.245 


50 


Ni 


4 


950.114 





Oi 


4 


1,096.749 


35 


Ni 


4 


949.742 


25 


H 


4 


1,096.322 


35 


Ni 


2 


910.279 





Ni 


5 


1,095.940 


35 


Ni 


3 


909.692 





Ni 


5 


1,085.707 


50 


Nii 


3 


906.722 


1 


Ni 


2 


1,085.546 


3 


Nil 


5 


906.426 


15 


Ni 


4 


1,085.442 


3 


Nil 


3 


906.202 


10 


Ni 


3 


1,084.970 


2 


Hen 


4 


905.829 


5 


Ni 


4 
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Table 6h-l. Wavelength Standards for the Vacuum Ultraviolet* (Continued) 









Esti- 








Esti- 


Wavelength, 


Inten- 


Spec- 


mated 
relative 


Wavelength, 


Inten- 


Spec- 


mated 
relative 


A 


sity 


trum 


error 
(±mA) 


A 


sity 


trum 


error 
(±mA) 


1,084.910 


2 


He ii 


5 


893.079 





Hgn 


2 


1,084.579 


30 


N ii 


3 


888.363 





Ni 


2 


1,083.990 


20 


N ii 


4 


888.019 





Ni 


4 


1,070.821 





N i 


5 


875.092 


5 


Ni 


5 



* J. Opt. Soc. Am. 45, 10 (1955). 

« Identification: A. Fowler, Proc. Roy. Soc. (London), ser. A, 123, 422 (1929); J. C. Boyce and H. A. 
Robinson, J. Opt. Soc. Am. 26, 133 (1936). 
b Self-reversed resonance line. 
c Resolved 2p* 3 P — 3* 3 P° multiplet. 
<* Blended line. 

• Completely resolved 2p* *P - 4s 3 P° multiplet. 
/ Completely resolved 2p« 3 P - 3d 3 P° multiplet. 
o Resolved 2p 3 4 S° — 3s 4 P multiplet. 

h 2p4 3 P _ 3 S ' 3£>o multiplet. 
» Diffuse line. 
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Table 6h-2. Proposed International Wavelength Standards 
in the Vacuum Ultraviolet 



Wave- 
length, 




Wave- 
length, 
A. 


Wave- 
length, 
A 


Wave- 
length, 
A 


Wave- 
length, 


Wave- 
length, 


A, 

this 
research 


Spectrum 


More 

and 

Rieke° 


Boyce 

and 
Rieke 6 


Weber 

and 
Watson 


A, 

other 
observers 


A, 

mean 
value 


1,930.902 


Ci 




0.900 


0.889 




1,930.897 


1,745.246 


Ni 




0.246 


0.255 




1,745.249 


1,742.724 


Ni 




0.734 


0.733 




1,742.730 


1,740.327 


Nil 






0.320 


0.315* 


1,740.321 


1,658.117 


Ci 




0.126 


0.127 




1,658.123 


1,657.899 


Ci 


0.909 






0.891« 


1,657.900 


1,657.374 


Ci 




0.380 


0.381 




1,657.378 


1,657.001 


Ci 




0.005 




6.998 e 


1,657.001 


1,656.259 


Ci 


0.266 




' 


0.255* 


1,656.260 


1,560.301 


Ci 


0.308 


0.316 






1,560.308 


1,494.673 


Ni 


0.672 


0.669 


0.668 




1,494.670 


1,492.624 


Ni 




0.630 


0.634 




1,492.630 


1,481.760 


C'i 


0.771 






0.750/ 


1,481.760 


1,335.692 


Cn 


0.700 






0.684* 


1,335.692 


1,329.590 


Ci 


0.587 






0.583* 


1,329.587 


1,329.108 


Ci 


0.102 


0.101 






1,329.104 


1,277.282 


Ci 




0.274 




0.280* 


1,277.279 


1,261.559 


Ci 




0.560 




0.565* 


1,261.561 


1,200.708 


Ni 


0.719 


0.706 


0.693 




1,200.708 


1,200.226 


Ni 


0.217 


0.220 


0.215 




1,200.219 


1,199.551 


Ni 


0.552 


0.547 


0.557 




1,199.552 


1,177.694 


Ni 


0.701 




0.677 




1,177.691 


1,176.508 


Ni 


0.506 




0.498 




1,176.504 


1,167.450 


Ni 


0.442 




0.454 




1,167.449 


1,134.988 


Ni 


0.977 


0.980 


0.980 




1,134.981 


1,134.426 


Ni 




0.419 


0.416 




1,134.420 


1,134.176 


Ni 




0.171 


0.169 




1,134.172 


1,085.546 


Nii 




0.546 


0.546 




1,085.546 


1,084.579 


Nil 


0.584 


0.579 


0.582 




1,084.580 


1,083.990 


Nn 




0.991 


0.990 




1,083.990 


990.805 


Ci 


0.790 


0.797 






990.797 


990.210 


Ci 


0.198 


0.213 






990.207 



° K. R. More and C. A. Rieke, Phys. Rev. 50, 1054 (1936). 

* J. C. Boyce and C. A. Rieke, Phys. Rev. 47, 653 (1935). 
« R. L. Weber and W. W. Watson, J. Opt. Soc. Am. 26, 307 (1936). 
d A. Fowler, Proc. Roy. Soc. {London), ser. A, 123, 422 (1929). 

* A. G. Shenstone, Phys. Rev. 72, 411 (1947). 
/ E. Ekefors, Z. Physik 63, 437 (1930). 

o B. Edlen, Z. Physik 98, 561 (1936); Nature 159, 129 (1947). 

* F. Paschen and G. Kruger, Ann. phys. 7, 1 (1930). 
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Table 6h-3. Infrared Standard Wavelengths 



Wave- 
length, 

M 



0.54607 

0.57696 

0.57907 

1.01398 

1.12866 

1.140 

1.35703 

1.36728 

1.39506 

1.52452 

1.6606 

1.671 

1.69202 

1.69419 

1.70727 

1.71090 

1.81307 

1.97009 

2.008 

2.150 

2.1526 

2.22 

2.24929 

2.3126 

2.32542 

2.37 

2.4030 

2.4374 

2.439 

2.464 

2.4944 

2.5434 

2.688 

2.7144 

2.765 

2.79 

2.996 

3.2204 

3.230 

3.2432 
3.2666 
3.3033 
3.3101 



State 



Description 



Emission 

Emission 

Emission 

Emission 

Emission 

Liquid 

Emission 

Emission 

Emission 

Emission 

Liquid 

Liquid 

Emission 

Emission 

Emission 

Emission 

Emission 

Emission 

Gas 

Liquid 

Liquid 

Liquid 

Emission 

Liquid 

Emission 

Solid 

Liquid 

Liquid 

Gas 

Liquid 

Liquid 

Liquid 

Gas 

Vapor 

Gas 

Solid 

Gas 

Solid 

Gas 

Solid 
Solid 
Solid 
Solid 



AH-4 lamp 
AH-4 lamp 
AH-4 lamp 
AH-4 lamp 
AH-4 lamp 



AH-4 lamp 
AH-4 lamp 
AH-4 lamp 
AH-4 lamp 
. 5-mm cell 



AH-4 lamp 
AH-4 lamp 
AH-4 lamp 
AH-4 lamp 
AH-4 lamp 
AH-4 lamp 



. 5-mm cell 



AH-4 lamp 
. 5-mm cell 
AH-4 lamp 
25-m film 
. 5-mm cell 
. 5-mm cell 



. 5-mm cell 
. 5-mm cell 



5 . 0-cm cell 



Substance 



Ref. 



200-mm 5 . 0-cm 
25-m film 



25-m film 
25-m film 
25-m film 
25-m film 



cell 



Mercury 


9 


Mercury 


9 


Mercury 


9 


Mercury 


9 


Mercury 


9 


Benzene 


6 


Mercury 


9 


Mercury 


9 


Mercury 


9 


Mercury 


9 


1,2,4-Trichlorobenzene 


9 


Benzene 


6 


Mercury 


9 


Mercury 


9 


Mercury 


9 


Mercury 


9 


Mercury 


9 


Mercury 


9 


Carbon dioxide 




Benzene 




1,2,4-Trichlorobenzene 


9 


Carbon disulfide 


9 


Mercury 


9 


1,2,4-Trichlorobenzene 


9 


Mercury 


9 


Polystyrene 


Wright 


1,2,4-Trichlorobenzene 


9 


1 ,2,4-Trichlorobenzene 


9 


Carbon oxysulfide 


8 


central min 




Benzene 


5 


1,2,4-Trichlorobenzene 


9 


1,2,4-Trichlorobenzene 


9 


Carbon dioxide 


Barker and Wu 


Methanol 


9 


Carbon dioxide 


Barker and Wu 


Lithium fluoride 


9 


Ammonia-zero branch 


2 


Polystyrene 


9 


Carbon oxysulfide 


8 


central min 




Polystyrene 


9 


Polystyrene 


9 


Polystyrene 


9 


Polystyrene 


9 
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Table 6h-3. Infkared Standard Wavelengths (Continued) 



Wave- 
length, 



3.320 
3.3293 
3.4188 
3.426 

3.465 

3.5078 

4.258 

4.613 

4.866 
4.875 

5.138 
5.284 

5.292 
5.549 
5.847 

6.154 
6.238 
6.692 
6.753 
6.925 
7.268 
7.681 
8.241 
8.362 
8.490 
8.623 
8.762 
9.057 
9.216 
9.295 
9.378 
9.548 

9.608 
9.672 
9.673 
9.724 
9.807 
9.85 



State 



Gas 
Gas 
Solid 
Gas 

Gas 

Solid 

Gas 

Vapor 

Vapor 
Gas 

Solid 
Gas 

Gas 

Solid 

Gas 

Gas 

Solid 

Solid 

Liquid 

Gas 

Liquid 

Gas 

Gas 

Gas 

Gas 

Gas 

Gas 

Gas 

Gas 

Gas 

Gas 

Gas 

Vapor 

Vapor 

Gas 

Solid 

Vapor 

Gas 



Description 



5.0-cm cell 
25-m film 



25-m film 
Atmospheric 



5.0-cm cell 
50-m film 



50-/* film 



200-mm 5 . 0-cm cell 
50-/* film 
50-/* film 



0.05-mm cell 



200-mm 5 
200-mm 5 
200-mm 5. 
200-mm 5. 
200-mm 5. 
200-mm 5. 
200-mm 5. 
200-mm 5. 
200-mm 5. 



0-cm cell 
0-cm cell 
0-cm cell 
0-cm cell 
0-cm cell 
0-cm cell 
0-cm cell 
0-cm cell 
0-cm cell 



5-cm cell 
50-/x film 



Substance 



Methane-zero branch 

Methane 

Polystyrene 

Carbon oxysulfide 
central min 

Hydrogen chloride 
central min 

Polystyrene 

Carbon dioxide 

Carbon disulfide 
central min 

Methanol 

Carbon oxysulfide 
central min 

Polystyrene 

Carbon oxysulfide 
central min 

Ethylene central min 

Polystyrene 

Carbon oxysulfide 
central min 

Ammonia-zero branch 

Polystyrene 

Polystyrene 

Benzene 

Ethylene-zero branch 

Methylcyclohexane 

Methane-zero branch 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Ammonia 

Carbon oxysulfide 

central min 
Methyl chloride 
Methanol 
Ammonia 
Polystyrene 
Methyl chloride 
Ammonia 



Ref. 



9 
9 
5 

9 
8 

9 
8 

5 

9 
8 

2 

9 

9 

S. Silverman 

5 

9 

3 

2 

2 

2 

2 

2 

2 

2 

2 

2 

8 

4 

9 

Wright 

9 

4 

Wright 
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Table 6h-3. Infrared Standard Wavelengths (Continued) 



Wave- 












length, 


State 


Description 


Substance 


Ref. 




10.073 


Gas 


200-mm 5.0-cm cell 


Ammonia 


2 




10.53 


Gas 




Ethylene-zero branch 


5 




11.008 


Gas 


200-mm 5 . 0-cm cell 


Ammonia 


2 




11.035 


Solid 


50-m film 


Polystyrene 


9 




11.26 


Gas 


200-mm 5.0-cm cell 


Ammonia 


J. Opt. Soc. 


Am. 


11.475 


Liquid 


. 05-mm cell 


Methylcy clohexan e 


9 




11.793 


Gas 


200-mm 5 . 0-cm cell 


Ammonia 


2 




11.862 


Liquid 


. 05-mm cell 


Methylcyclohexane 


9 




12.075 


Gas 


200-mm 5 . 0-cm cell 


Ammonia 


2 




12.381 


Gas 


200-mm 5.0-cm cell 


Ammonia 


2 




12.732 


Gas 




Acetylene 


1 




12.809 


Gas 




Acetylene 


1 




12.885 


Gas 




Acetylene 


1 




12.961 


Gas 




Acetylene 


1 




12.99 


Gas 




Ammonia 


Wright 




13.69 


Gas 




Acetylene 


1 




13.883 


Gas 


Atmospheric 


Carbon dioxide 


9 




14.29* 


Solid 


50-m film 


Polystyrene 


9 




14.42 


Liquid 




Toluene 1 % in carbon 


9 








disulfide 






14.98 


Gas 


Atmospheric 


Carbon dioxide 


9 




15.48 


Liquid 


0.05 mm (1:4 CS 2 ) 


Unknown in technical 
grade of 1,2,4- 
trichlorobenzene 


9 




17.40* 


Liquid 


0.025-mm cell 


1,2,4-Trichlorobenzene 


9 




18.16 


Liquid 


. 025-mm cell 


1,2,4-Trichlorobenzene 


9 




20.56 


Liquid 


0. 05-mm cell 


1,2,4-Trichlorobenzene 
(sat. sol. in CS2) 


9 




21.52 


Liquid 


0. 05-mm cell 


Toluene 


9 




21.80 


Liquid 


0.025-mm cell 


1,2,4-Trichlorobenzene 


9 




22.76* 


Liquid 


. 025-mm cell 


1,2, 4-Tr ichlorobenzene 


9 




23.85 


Vapor 


Atmospheric 


Water 


9 




* Broad bt 


mds. 
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Table 6i-l. Verdet Constants* 
Gases and Vapors, V for A578 as Reduced to 0°C and 760 mm Hg 



Gas 



He. 

Ne. 
A.. 



H 2 . 

N,.. 
Air. 
2 .. 
Cl 2 . 



HC1.. 

HBr . 

H 2 S.. 

H 2 Se. 

NH 3 . 

PH 3 .. 

AsH 3 . 



10« V 






+0.40 
1.0(4) 
9.3(6) 

6.2(9) 
6.4(6) 
6.27 
5.69 
31.9 

21.5 
(32.0) 

41.5 

61.0 

19.0 
(56.0) 

68.0 



Gas 



CO.. 
C0 2 . 
NO.. 
N 2 0. 
SO,.. 



(CN), 



CH 4 .... 
C2H2. . . 
C2H4. . . 
C 2 H6. . . 
C3H8. . . 
11-C4H10. 



10«F 


11.0 


9.39 


-58 


7.7(5) 


30.5 


22.5 


17.4 


33.0 


34.5 


23.5 


34.0 


44.0 



* Selected except as noted from R. de Malleman, "Tables de Constantes Selectionnees Ponvoir 
Rotatoire Magnetique (Effet Faraday)," Paris, Hermann & Cie, 1951. selectionnees, Pouvoir 

61-1. Magnetic Rotation (Faraday Effect). When a linear-polarized light ray of 
wavelength X in vacuum traverses an inactive medium at temperature t of length I in 
the direction of an external magnetic field of strength H, the rotation «, associated 
with circular birefringence, which the ray very generally exhibits as a result of the 
held is expressed by 

ot = VHl 

where V is the Verdet constant of the medium. A possible natural rotatory power 
ot the medium, «„, may be provided for by the modified expression 

a = («o + VH)l 
6-91 
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Table 6i-l. Verdet Constants* (Continued) 
Inorganic and Metal-organic Liquids 



Liquid 


X 


t 


10 2 V 


Phosphorus 


589 
589 
700 

589 
589 

578 
578 
578 

589 

578 

578 

589 

589-78 

578 

578 

578 

578 

578 
578 

578 
578 


33 

114 



20 

19.7 

10 

76 

97.4 

20 

18 
26 

25.1 

20 

17 

28 
18 

20 
46 

20 
17 


+ 13.3 


Sulfur 


8.1 


Bromine 


5.3 


H 2 


1.309 


D 2 


1.257 


H 2 2 


1.14(8) 


H3PO3 


1.63(5) 


H3PO4 


1.35(4) 


CS 2 


4.255 




7.45 


PCI3 


3.02 


AsCl 3 


4.25 


CCU 


1.60 


SiCl 4 


2.04 


TiCl 4 


-1.65 


SnCl 4 


4.46 


SbCl 5 


7.45 


PBr 3 


6.05 


TiBr 4 a 


-5.3 


Pb(C 2 H 5 ) 4 


3.01 


Ni(CO) 4 6 


7.35 







a P. Fritsch, Compt. rend. 217, 447 (1943). 

b J. Verhaeghe, Bull. Sci. acad. roy. Belg. 18, 532 (1932). 

For para- and ferromagnetic media, especially as one proceeds to high field strengths 
and low temperatures, the foregoing relations may have only a limited range of 
validity; rather the rotation a may tend toward, or actually attain, a saturation 
value a„ as the external field is increased. 

When the same light ray traverses an inactive absorbing medium in the magnetic 
field it may emerge elliptic-polarized with the major axis of the ellipse rotated through 
the analogous angle a and with ellipticity measured by the angle of the same order 
of magnitude. Such ellipticity is associated with circular dichroism. The formal 
expressions for magnetic ellipticity are analogous to those for magnetic rotation; thus 

= RHl 

= (0o + RH)l 

for media without or with measurable natural "ellipticity power" O , that is to say, 
natural circular dichroism. The material constants O and R apparently were never 
given names. 

The quantities a, a , V, and H are signed quantities whose signs are determined 
solely by conventions. The signs of a and V are conventionally positive when the 
rotation, as for water, takes place in the direction of the electric current which creates 
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Table 6i-l. Verdet Constants* (Continued) 
Aqueous Solutions 
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Solute 



Wt. % 



10 2 V 



At 25°, X546 (Ref. 1) 



HOH.. 
NaOH. 



HN0 3 ... 

NaN0 3 .. 
NH4NO3 



100 
14.3 

62 

32.32 

34.85 



HCIO4.... 
NH4CIO4. 



H 2 S0 4 

Na 2 S0 4 .... 
(NH 4 ) 2 S0 4 

H 3 P0 4 

Na 3 P0 4 ... 

(NH 4 ) 3 P0 4 



HC1.... 
NH4CI. 

HBr.... 
NH 4 Br. 



HI.... 
NH4I. 



60 




15 


.22 


92 




24 


39 


33 


58 


100 




17 


92 


14 


62 


35 


5 


19 


01 


44 


27 


46. 


21 


54. 


5 


53. 


92 



At 23° (Ref. 2) 



H 2 

K,Fe(CN)«. 

FeCl 3 

KI, Hgl 2 ... 

Same 

Same 



100 
31.4 

47.8 



600 
600 
800 
600 
589 
546 



1.1157 

1.3676 
1.2407 
1 . 1476 



5261 
0725 



1.8121 
1.2349 
1 . 1909 

1.866 

1.0823 

1.0921 



1735 
0519 



1.4294 
1.2985 

1.6553 
1.4838 



0.997 
1.187 
1.523 
2.445 



1.40269 
1.37068 
1.37913 

1.39828 
1.34506 

1.43163 
1.36892 
1.38559 

1.45805 
1.34997 
1.36148 

1.42111 
1.36971 

1.43063 
1.41186 

1.48406 
1.45386 



1.3324 
1.3878 
1.4941 

(1.59) 



+ 1.547 
1.743 

1.161 
1.495 
1.483 

1.253 
1.508 

1.250 
1.611 
1.634 

1.571 
1.588 
1.649 

2.685 
1.997 

3.317 
2.843 

5.314 
4.284 



1.26 

-2.33 

-3.99 

8.41 

12.8 (Ref. 4) 
22 (Ref. 3) 
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Table 6i-l. Verdet Constants* (Continued) 
Organic Liquids for Refractive Index Determinations 1 



Liquid 


X 


t 


n™ D 


10 2 F 


Methanol 


589 

589-78 

589-78 

589-78 

589 

589 

589 

578 

578 

589 

589-78 

589-78 

589-78 

589 

589 

589 

589-78 

589 

589 

589 

589 

589 

589 

589 

589 

589 

578 

578 

600 


18.7 

20.0 

20.0 

15 

20.0 

15.1 

14.4 

23.0 

20.0 

15.0 

15.0 

15.0 

18.1 

21.1 

19.6 

15 

19.5 

15.2 

18 

15 

15 

17.3 

15 

17.9 

15 

16 

18.0 

20 

23 


1.3289 
1.3585 
1.3727 
1.3875 
1.3993 
1.4313 
1.4448 
1.4500 
1.4663 
1.4900 
1.4950 
1.5005 
1.5130 
1.5170 
1.5230 
1.5246 
1.5305 
1.5380 
1.5465 
1.5523 
1.5598 
1.5720 
1.5859 
1.5960 
1.6095 
1.6235 
1.6377 
1.6578 
1.7400 


+0.958 


Acetone 


1.116 


Ethyl acetate 


1.08 


71-Heptane 


1.23 


n-Butanol 


1.23 


Ethylene glycol 


1.25 


1,2-Dichloroethane 


1.65 


Cyclohexanone 


1.33 


Cyclohexanol 


1.43 


p-Cymene 


2.30 


Toluene 


2.71 


Benzene 


3.00 


Iodoethane 


2.95 


Anisole 


3.02 


1,3-Dibromopropane 


2.38 


Chlorobenzene 


2.92 


Iodomethane 


3.35 


1,2-Dibromoethane 


2.66 


o-Nitro toluene 


2.16 


Nitrobenzene 


2.17 


Bromobenzene 


3.26 


o-Toluidine 


3.79 


Aniline 


4.18 


Bromoform 


3.13 


Iodobenzene 


4.06 


Quinoline 


4.18 


1, 1, 2, 2-Tetrabromoethane 


3.34 


1-Bromonaphthalene 


5.19 


Diiodomethane 2 


4.76 







1 These are supplied by Eastman Kodak Company. See their List No. 39, 1954, of Organic Chem- 
icals, from which the present no's are taken. 
*L. Ingersoll, J. Opt. Soc. Am. 6, 663 (1922). 

the field H. Other material constants of interest in connection with magnetic 
rotation are density d and refractive index n (for isotropic) or « (for uniaxial media). 
The magneto-optic anomaly 7 is a dimensionless ratio of theoretical interest. 

Verdet constants V are listed here in angular minutes cm -1 gauss -1 , the wave- 
lengths in millimicrons or Angstrom units. Uncertain or approximate numerical 
values are enclosed in parentheses. 

6i-2. The Pockels Effect. The alteration of the refractive properties of an optical 
medium by the application of a strong electric field is called the "electro-optic effect." 
In a liquid medium the effect is designated the "Kerr effect," in a piezoelectric 
crystalline medium, the "Pockels effect." The principal practical interest lies in the 
possibility of using this effect to produce a light-intensity modulator or "valve" 
by using an electroded liquid cell or crystal plate between polarizers in such a way 
as to produce electrically variable phase changes between two polarized interfering 
light beams. 

In a crystal of low symmetry the optical dielectric property (the square of the 
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Table 6i-l. Verdet Constants* {Continued) 
Solids at Room Temperature Except as Noted 
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Solid 



Oxide glasses: 

Si0 2 

Dense flint 18. . . 

Dense flint 22. . . 
Oxide crystals: 

NEUA1(S04)2-12H 2 

KA1(S04) 2 12H 2 

NH4Fe(S0 4 ) 2 -12 
H2O at 26°C . . 

Same at -111°C. 

NiS0 4 -6H 2 at 24°C 

Same at 1.36°K 

MgAh04 (spinel)... 

CaCOs (calcite) 

NaClOs 

Si0 2 (quartz) 

Al 2 Os (corundum). . 
Cubic halide crystals: 

NaCl 

NaBr 

KC1 

KBr 

KI 

NH4CI 

NH 4 Br 

CaF 2 

Tetrahedral cubic 
crystals : 

C-C diamond 

CuCl 

ZnS 



n5,461 



1.4601 
1 . 8999 



1 . 5462 
■ 1.7712 



1 . 5641 
1.6731 



F5,461 



0.01664 
0.1180 



0.0151 
0.0144 

-0.00145 
-0.0145 

0.0256 

0.419 



0.0105 

0.01952 

0.0240 

0.0410 

0.0621 

0.0328 

0.0500 

0.083 

0.0430 

0.0601 



0.0278 

0.20 ± .03 

0.287 



75,461 



0.781 
0.78 



0.552 
0.551 



0.315 
0.785 
0.656 

0.901 

0.86 

0.822 

0.795 

0.789 

0.727 

0.698 



0.28 

0.5 

0.92 






n5,893 



1.4585 
1.8900 
1.920 

1 . 4594 
1.4564 

1.4848 

w = 1.5109 

1.1718 
« - 1.6585 
1 5151 
1 . 5443 
1 . 7685 

1 . 5443 
1.6412 
1 . 4904 
1.5600 
1 . 6664 
1 . 6426 
1.7108 
1 . 4338 



2.4172 

1.793 

2.3683 



75,893 



0.01421 

0.0969 

0.1060 

0.0128 
0.0124 

-0.00058 

-0.0111 

0.0221 

0.021 

0.019 

0.0081 

0.01664 

0.0210 

0.0345 

0.0275 

0.0425 

0.070 

0.0362 

0.0504 

0.00883 



0.0233 
0.226 



75,893 



0.781 

0.78 

0.812 

0.543 
0.533 



0.310 
0.789 
0.640 

0.890 

0.821 
0.785 
0.782 
0.719 
0.690 
0.66 



0.28 



0.91 



Ref. 



36 
36 
4 

3c 
3c 

1 

1 

5 

2 

7 

8 

3c 

36 

3d 

3c 
3c 
3c 
3c 
3c 
3c 
3c 
3a 



3a 

6 

3a 
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Table 6i-2. Magnetic Rotatory Power of Films of Ferromagnetic 
Metals Magnetized to Saturation* 



Metal 


X 


ckoo/Z, deg cm x 


, Ni 
Co 
Fe 

Fe« 


red 
red 
red 

578 


+89,000° ± 10% 
198,000 10% 
209,000 10% 

382,500 ± 2% 



* From W. Schutz, Wien-Harms Handbuch d. Experimental-physik 16, Part 1 (1936) 198, except as 
noted. 

« H. Konig, Naturwiss. 33, 71 (1946); Optik 3, 101 (1948). 

index of refraction) varies with the direction of vibration of the light wave and must 
be described by a symmetric second-rank tensor with six independent components. 
These six components can change with an applied electric field. There are a number 
of equivalent ways of introducing the electro-optic constants, but the most commonly 
accepted custom is to define the third-rank electro-optic tensor r,-/ which relates the 
change in the reciprocal dielectric tensor to the applied field (a vector). 



^),-G).-(i).-X"* 



where i — 1, 2, 3, 4, 5, 6 
J = 1, 2, 3 
= without field 

This formulation is convenient because the index ellipsoid 

(s).' + (?).«- + (p).- + (s).- + ®.- + (»).— ' 

is commonly used in classical crystal optics to depict the optical behavior of a crystal. 

The above formulation is only the linear term in an expansion in powers of the 
electric field. In the general case there are 18 linear electro-optic constants, but in a 
crystal of high symmetry many of these are not independent or may vanish. In a 
medium possessing a center of symmetry (thus many crystals and all liquids) all the 
linear terms and electro-optic constants must vanish. Twenty-one of the 32 crystal 
symmetry classes do not contain centers of symmetry, and of these, 20 may exhibit 
the linear Pockels effect. These are the same 20 classes which exhibit linear 
piezoelectricity, for the electro-optic tensor is of the same type as the piezoelectric 
tensor. 

Some measured values of crystalline electro-optic constants are listed in the fol- 
lowing table. The values given are for the crystal at constant stress. Because of 
the interaction of the piezoelectric and photoelastic effects, a different result is 
obtained if the crystal is clamped in a condition of constant strain. 

The last column lists the potential difference in kilovolts required to develop a half 
wave of birefringent retardation in X5,461 light. 
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Table 6i-3. Pockels Effect 
Measured electro-optic constants units of 10~ 8 X (statvolts/cm) _1 
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*(*)<- 1"'*' 



y=i 



Crystal 


Symmetry- 
class 


Electro-optic coefficients 


Half-wave 

voltage, 

kv at 5,461 


Quartz"- 6 


D* 

T 
T d 

T d 
T d 

v d 
v d 
v d 
v d 
v d 
v d 


r 4 i = 1.4; m = 0.59 

r 4 i = -6.0; r 52 = -5.1; r 63 = +0.95 

r 22 = 0.9 

r 4 i = 1.19 

r 4 i = 5.0 

r 4 i = 6.4 

r 4X = 18.4 

r 63 = -25; r 4 i = 62 

res = -32; r 4 i = 26 

res = -70 

r 63 = -39 

res = -33 

res = -19 




Rochelle salt" 

Tourmaline" 

Sodium chlorate" . . . 

Zinc sulfide - d 

Zinc sulfide* 7 

Cuprous chloride**. . 

NH 4 H 2 P0 4 e 

KH2PO4' 


200 
12.4 
9.3 
6.2 
9.6 
7 5 


KD2PO4' 


3 4 


KH 2 As0 4 


6 2 


RbH 2 P(V 


7 3 


NH 4 H 2 As(V 


13 



« F. Pockels, Abhandl. Ges Wiss. Gottingen, Math. Physik. Kl. 39, 1 (1893). 

* N. Gunther, Ann. phys. 13, 783 (1932). 
C. Schramm, Ann. phys. 25, 309 (1936). 

* C. D. West, J. Opt. Soc. Am. 43, 335 (1953). 

« R. O'B. Carpenter, J. Opt. Soc. Am. 40, 225 (1950). 

/ H. Jaffe, Brush Electronics Co., privately communicated. 

Kara, Mathieu, and Poulet, J. phys. radium 15, 60-61 (1954). 



6j. Specific Rotation 



Table 6j-l. 



Specific Rotation* 
Solids 





Wave- 


Rota- 




Wave- 


Rota- 


Substance 


length, 


tion, 


Substance 


length, 


tion, 




M 


deg/min 




M 


deg/min 


Cinnabar (HgS) 

Lead hyposulfate 


D 


+32.5 


Quartz 


0.3726 


+58.894 


D 


5.5 




0.3609 


63.628 


Potassium hyposulfate . . 


D 


8.4 




0.3582 


64.459 


Quartz 


3.676 
1.342 


0.34 
3.89 




0.3466 
0.3441 


69.454 




70.587 




0.7604 


12.668 




0.3402 


72.448 




0.7184 


14.304 




0.3360 


74.571 




0.6867 


15.746 




0.3286 


78.579 




0.6562 


17.318 




0.3247 


80.459 




0.5895932 


21.7010 




0.3180 


84.972 




0.5895 


21.684 




0.2747 


121.052 




0.5892617 


21 . 729 




0.2571 


143.266 




0.5889965 


21.7492 




0.2313 


190.426 




0.5889 


21.727 




0.2265 


201.824 




0.5460741 


25.538 




0.2194 


220.731 




0.5269 


27.543 




0.21740 


229.96 




0.4861 


32.773 




0.2143 


235.972 




0.4307 


42.604 




0.1750 


453.5 




0.4101 


47.481 




0.1525 


776.0 




0.3968 


51 . 193 


Sodium bromate. . 


D 


2.8 




0.3933 


52.155 


Sodium chlorate . . 


D 


3.13 




0.3820 


55.625 









Specific rotation or rotatory power is given in degrees per decimeter for liquids and solutions and 
in degrees per millimeter for solids; -+* signifies right-handed rotation, — left. Specific rotation varies 
with the wavelength of light used, with temperature and, in the case of solutions, with the concentration. 
When sodium light is used, indicated by D in the wavelength column, a value of X =* 0.5893 may be 
assumed. 

Optical rotatory power for a large number of organic compounds will be found in the "International 
Critical Tables," vol. VII; for sugars, vol. II. 

♦Most of the data taken from "Handbook of Chemistry and Physics." 36th ed., pp. 2752, 2753, 
2754, Cnemical Rubber Publishing Company, 1954-1955. 
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Table 6j-l. Specific Rotation {Continued) 
Liquid 
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Liquid 



Amyl alcohol 

Camphor 

Cedar oil . 

Citron oil 

Ethyl malate (C 2 H 5 )2C4H 4 06 

Menthol 

Nicotine Ci Hi 4 N 2 

Turpentine C 10 H 6 



Temp., 
°C 


Wave- 
length, 


Specific rotation, 
deg/dm 


, 


D 


- 5.7 


204 


D 


+ 70.33 


15 


D 


- 30 to -40 


15 


D 


+ 62 


11 


D 


- 10.3 to -12.4 


35.2 


D 


-49.7 


10-30 


D 


-162 


20 


0.6563 


-126 


20 


0.5351 


-207.5 


20 


0.4861 


-253.5 


20 


D 


- 37 


20 


0.6563 


- 29.5 


20 


0.5351 


- 45 


20 


0.4861 


- 54.5 



Specific rotation or rotatory power is given in degrees per decimeter for liquids and solutions and 
in degrees per millimeter for solids; + signifies right-handed rotation, — left. Specific rotation varies 
with the wavelength of light used, with temperature and, in the case of solutions, with the concentration. 
When sodium light is used, indicated by D in the wavelength column, a value of X = 0.5893 may be 
assumed. 

Optical rotatory power for a large number of organic compounds will be found in the "International 
Critical Tables," vol. VII; for sugars, vol. II. 

* Most of the data taken from "Handbook of Chemistry and Physics," 36th ed„ pp. 2752, 2753, 
2754, Chemical Rubber Publishing Company, 1954-1955. 
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Table 6j-l. Specific Rotation (Continued) 
Solutions f 













Correction 


Substance 


Solvent 


Temp., 
°C 


Wave- 
length, 


Specific 
rotation, 


for concen- 
tration or 








M 


deg/dm 


temp. 


Albumen 


Water 
Water 
Alcohol 


20 
20 


D 
D 
D 


- 25 to -38 


Arabinose 


- 105.0 


Camphor 


+ 54.4 - 0.135d for 




d = 45-91 




Benzene 


20 


D 


+ 56-0.166dfor 

d = 47-90 




Ether 




D 


+ 57 


Dextrose d-glucose 


Water 


20 


D 


+ 52.5 +O.025d for 


CeHiaOe 






0.5461 


d = 1-18 
+ 62.03 + 0.04257c for 
c = 6-32 


Galactose 


Water 




D 


+ 83.9 +0.078d - 




0.21* for d = 4-36 and 










t = 10-30°C 


Z-Glucose (/3) 


Water 


20 


D 


- 51.4 


Invert sugar C«Hi 2 6 . . . 


Water 


20 


D 


- 19.7 - 0.036c for 

c - 9-35 
a t = a 2 o +0.304(* - 20) 
+ 0.00165 
(t - 20) 2 for * = 3-30°C 






25 


0.5461 


- 21.5 


Lactose 


Water 


20 


D 


+ 52.4+0.072 




(20° - t) for c = 5 








0.5461 


+ 61.9+0.085 

(20° - t) for c = 5 


Levulose fruit sugar 


Water 


25 


D 


- 88.5 - 0.145c* for 

d = 2.6-18.6 






25 


0.5461 


- 105.30 


Maltose 


Water 


20 


D 


+ 138.48 - 0.01837dfor 




d = 5-35 






25 


0.5461 


+ 153.75 


Mannose 


Water 
Water 
Benzene 


20 
20 
20 


D 
D 
D 


+ 14.1 c = 10.2 


Nicotine 


- 77 for d = 1-16 




- 164 for d = 8-100 


Potassium tartrate 


Water 


20 


D 


+ 27.14 + 0.0992c - 
0. 00094c 2 for c = 8-50 


Quinine sulfate 


Water 


17 


D 


- 214 


Santonin 


Alcohol 


20 
20 


D 
D 


- 161.0 c = 1.78 




+ 693 c = 4.05 




Chloroform 


20 


D 


- 202.7 +0.309dfor 

d = 75-96.5 




Alcohol 


20 


0.6867 
0.5269 
0.4861 


+ 442 c = 4.05 
+ 991 c = 4.05 
+ 1,323 c = 4.05 



t Corrections for values of the specific rotation for concentration are given in the last column, c indi- 
cates concentration in grams per 100 ml of solution; d indicates the concentration in grams per 100 g 
of solution. 
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Table 6j-l. Specific Rotation (Continued) 
Solutions f 



6-101 



Substance 


Solvent 


Temp., 
°C 


Wave- 
length, 


Specific 
rotation, 
deg/dm 


Correction 
for concen- 
tration or 
temp. 


Sodium potassium tar- 
trate (rochelle salt) 

Sucrose (cane sugar) 
C12H22O11 


Water 
Water 


20 
20 


D 
D 


+ 29.75 - 0.0078c 

+ 66.412 + 0.01267d 
- 0.000376d 2 for 

d = 0-50 
a t = «2o[i - 0.00037 
(t -20)] fori = 14-30°C 



Table 6j-l. Specific Rotation (Continued) 
Solutions f 
Sucrose dissolved in water, 20°C 



M 


Spec. rot. 


M 


Spec. rot. 


M 


Spec. rot. 


670.8 (Li) 


+50.51 


510.6 (Cu) 


+90.46 


435.3 (Fe) 


+128.5 


643.8 (Gd) 


55.04 


508.6 (Cd) 


91.16 


433.7 (Fe) 


129.8 


636.2 (Zn) 


56.51 


481.1 (Zn) 


103.07 


431.5 (Fe) 


130.7 


589.3 (Na) 


66.45 


480.0 (Cd) 


103.62 


428.2 (Fe) 


133.6 


578.2 (Cu) 


69.10 


472.2 (Zn) 


107.38 


427.2 (Fe) 


134.2 


578.0 (Hg) 


69.22 


468.0 (Zn) 


109.49 


426.1 (Fe) 


134.9 


570.0 (Cu) 


71.24 


467.8 (Cd) 


109.69 


419.1 (Fe) 


140.0 


546.1 (Hg) 


78.16 


438.4 (Fe) 


126.5 


414.4 (Fe) 


144.2 


521.8 (Cu) 


86.21 


437.6 (Fe) 


127.2 


388.9 (Fe) 


166.7 


515.3 (Cu) 


88.68 


435.8 (Hg) 


128.49 


383.3 (Fe) 
382.6 (Fe) 


171.8 
173.1 



Solutions f 



Substance 



Solvent 



Spec. rot. 



Correction 



Tartaric acid (ord.) . 



Turpentine . 
Xylose 



Water 



Alcohol 

Benzene 
Water 



20 
20 
20 
20 
20 
20 

20 
20 



D 
0.6563 

D 
0.5351 
0.4861 

D 

D 
D 



\iov d = 41 



+15.06 - 0.131c 

7.75\ 

8.86) 

9.65 

9.37J 
-37 - 0.00482d - 0.00013d 2 

for d = O-90 
-37 - 0.0265d for d = 0-91 
+ 19.13 d = 2.7 



t Corrections for values of the specific rotation for concentration are given in the last column, c indi- 
cates concentration in grams per 100 ml of solution; d indicates the concentration in grams per 100 g 
of solution. 



6k. Optical Constants of Metals 
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Several constants have been used to describe the optical behavior of metals. In 
principle, at any wavelength, two such constants should be sufficient to give the 
complete behavior of the metal. One constant has to do with the velocity of light 
in the metal and the other with the absorption of light by the metal. 

To determine these constants, it is necessary, in general, to make experimental 
measurements of the metal properties at the frequency required. The measure- 
ments cannot be made at direct current and extrapolated to light frequencies of the 
order of 10 14 cps. 

The constants tabulated in Tables 6k-l to 6k-3 are the ones most commonly 
used. These are n — refractive index and A; = absorption constant. The refrac- 
tive index is denned as the ratio of the velocity of light in a vacuum to the velocity 
in the metal. This is the phase velocity, which in metals is frequently greater than c, 
the velocity of light in a vacuum. This is not a violation of the Einstein relativity 
law. 

The absorption constant is denned by the equation 

2irkt 

E = E<# Xo 

where Eo = amplitude of an electric wave measured at a point in an absorbing 
medium 
E = amplitude measured at a distance t in the direction of propagation away 
from the first point 
Both n and k can also be denned as the real and imaginary part of a complex index 
of refraction 

N = n — ik 

A variety of other constants have been used in treating metals and absorbing 
materials. First is the extinction coefficient k which is equal to the absorption con- 
stant divided by the index of refraction. Second is the absorption coefficient a which 
is defined by the equation 

I = I«r<* 

where I is the intensity of an electromagnetic disturbance and t is the distance 
traveled in the material. 

When light is reflected from a metal surface, it experiences a phase-shift change 
which is a function of the angle of incidence of the light and its state of polarization. 

In connection with this phase shift, two other constants are commonly used to 
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describe the optical behavior of a metal. These are the angle of principal incidence i 
and the principal azimuth $. 

At the angle of principal incidence there is a phase change of 90 deg between the 
components of polarized light vibrating in the plane of incidence and at right angles 
to the plane of incidence. Light vibrating in the principal azimuth reflected at the 
angle of principal incidence becomes circularly polarized. 

These last two constants are tabulated particularly because these are the numbers 
which are measured directly in most of the techniques for determining the optical 
behavior of metals. Also, these numbers are used in some of the techniques for 
determining the thickness of dielectric films deposited on metal surfaces. 

The index of refraction and the absorption constant are related to $ and 4 by the 
equation 



k 
n 



sin 0tan /\ , 1 A . -\ 

(i + *y ( 1 + 2 cot **) 



tan 2\p(l — cot 2 4>) 



Since reflection methods are used in determining the constants, they are strongly 
dependent on the characteristics on the metallic surface. These characteristics vary 
considerably with the chemical and mechanical treatment. Accordingly, there has 
always been a certain degree of controversy on the subject of the optical constants 
of metals. Since the oldest measurements were made, there has been considerable 
development in the preparation of metallic surfaces by evaporation in a vacuum 
They are frequently quite different from surfaces of bulk metals prepared by polishing 
By no means all the metallic constants have been determined on such freshly pre- 
pared surfaces. 

A great deal of work remains to be done in this area. The following tables include 
both old and new data. In a few places there is conflict. Rather than replace the 
old figures, it seemed appropriate to include all of them. It is recommended in 
conflicting cases that the new data be used. 



Table 6k-l. Optical Constants of the Most Important 
Evaporated Mirror Coatings 



Metal 


X, n 


n 


k 1 
com 


1% 
puted 


Ref. 


Aluminum. 


400 


0.40 


3.92 




1 




435 


0.40 


4.16 9 


1.6 


2 




491 


0.57 


5.19 9 


2.3 


2 




546 


0.76 


5.49 9 


0.8 


2 




578 


0.89 


5.68 9 


0.0 


2 




644 


1.12 


6.26 8 


9.6 


2 




700 


1.55 


7.00 








750 


1.80 


7.12 








800 


1.99 


7.05 








850 


2.08 


7.15 








900 


1.96 


7.70 








950 


1.75 


8.50 






Copper 


450 


0.87 


2.20 








500 


0.88 


3.42 








550 


0.756 


2.462 6 


6\7 


3 




600 


0.186 


2.980 9 


2.7 


3 




650 


0.142 


3.570 9 


5.9 


3 




700 


0.150 


4.049 9 


6.6 


3 




750 


0.157 


4.463 9 


6.9 


3 




800 


0.170 


4.840 9 


7.2 


3 




850 


0.182 


5,222 9 


7.3 


3 




900 


0.190 


5,569 9 


7.7 


3 




950 


0.197 


5.900 9 


7.8 


3 




1,000 


0.197 


6.272 9 


8.0 


3 


Gold 


450 
500 


1.40 
0.84 


1.88 
1.84 




1 




1 




550 


0.331 


2.324 8 


l!6 


3 




600 


0.200 


2.897 9 


1.9 


3 




650 


0.142 


3.374 9 


5.5 


3 




700 


0.131 


3.842 9 


6.7 


3 




750 


0.140 


4.266 9 


7.1 


3 




800 


0.149 


4.654 9 


7.4 


3 




850 


0.157 


4.993 9 


7.6 


3 




900 


0.166 


5.335 9 


7.8 


3 




950 


0.174 


5.691 9 


7.9 


3 




1,000 


0.179 


6.044 9 


8.1 


3 


Rhodium 


546 


1.62 


4.63 7 


7.2 


2 


Silver 


400 
450 


0.075 
0.055 


1.93 
2.42 




1 




1 




500 


0.071 


3.020 9 


7*3 


3 




550 


0.069 


3.429 9 


7.9 


3 




600 


0.072 


3.348 S 


8.2 


3 




650 


0.080 


4.257 9 


8.4 


3 




700 


0.093 


4.645 S 


8.4 


3 




750 


0.103 


5.005 S 


8.4 


3 




800 


0.110 


5.409 € 


18.6 


3 




850 


0.121 


5.757 £ 


18.6 


3 




900 


0.128 


6.089 S 


18.7 


3 




950 


0.130 


6.476 € 


)8.8 


3 




1,000 


0.129 


6.829 ? 


)8.9 


3 



The true optical constants of metals can be determined only with compact evaporated films pro- 
duced by fast evaporation under good vacuum conditions. 
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Table 6k-2. Optical Constants of Metals 
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X, a* 


* 


* 


Computed 




Metals 


















Authority 






de- 


min- 


de- 


min- 
















grees 


utes 


greee 


utes 


n 


k/n 


k 


H 




Aluminum 


0.589 
0.589 
White 
0.527 
0.589 
0.589 
0.579 
0.231 


64 


31 


29 


39 


1.44 
3.04 
2.26 
1.18 
1.12 
1.13 
2.97 
1.10 




5.32 83 
4.94 70 




Antimony 


Drude 


Bismuth (prism) 


Drude 
Kundt, 1889 
Jamin 


Bronze 
















Cadmium 


1.30 


5.01 
4.85 
1.43 


85 
70 
32 




Chromium 


Drude 


Cobalt 


Wartenburg, 1910 




Minor 




0.275 


70 


22 


29 


59 


1.41 


1.52 


2.14 


46 


Minor 




0.500 


77 


5 


31 


53 


1.93 


1.93 


3.72 


66 


Minor 




. 650 


79 





31 


25 


2.35 


1.87 


4.40 


69 


Ingersoll 




1.00 


81 


45 


29 


6 


3.63 


1.58 


5.73 


73 


Ingersoll 




1.50 


83 


21 


26 


18 


5.22 


1.29 


6.73 


75 


Ingersoll 


Columbium 


2.25 

0.579 

0.231 


83 
65 


48 
57 


26 
26 


5 
14 


5.65 
1.80 
1.39 


1.27 
1.05 


7.18 
2.11 
1.45 


76 
41 
29 


Ingersoll 


Copper 


Wartenburg, 1910 




Minor 




0.347 


65 


6 


28 


16 


1.19 


1.23 


1.47 


32 


Minor 




0.500 


70 


44 


33 


46 


1.10 


2.13 


2.34 


56 


Minor 




0.650 


74 


16 


41 


30 


0.44 


7.4 


3.26 


86 


Ingersoll 




0.870 


78 


40 


42 


30 


0.35 


11.0 


3.85 


91 


Ingersoll 




1.75 


84 


4 


42 


30 


0.83 


11.4 


9.46 


96 


Ingersoll 




2.25 


85 


13 


42 


30 


1.03 


11.4 


11.7 


97 


Ingersoll 




4.00 


87 


20 


42 


30 


1.87 


11.4 


21.3 




Forst-Freed 


Gold 


5.50 

0.257 

0.441 


88 


00 


41 


50 


3.16 


9.0 


28.4 




Forst-Freed 


Electrolytic 










0.92 
1.18 




1.14 
1.85 


28 
42 


Meier, 1903 
Meier, 1903 




0.589 










0.47 




2.83 


82 


Meier, 1903 




1.00 


81 


45 


44 


66 


0.24 


28.6 


6.7 




Forst-Freed 




2.00 


85 


30 


43 


56 


0.47 


26.7 


12.5 




Forst-Freed 




3.00 


87 


05 


43 


50 


0.80 


24.5 


19.6 




Forst-Freed 


Iodine 

Iridium 


5.00 


88 


15 


43 


25 


1.81 


18.1 


33 




Forst-Freed 


0.589 
0.579 










3.34 
2.13 




0.57 
4.87 


30 
75 


Meier, 1903 




Wartenburg, 1916 




1.00 


82 


10 


29 


15 


3.85 


1.60 


6.2 




Forst-Freed 




2.00 


83 


10 


29 


40 


4.30 


1.66 


7.1 




Forst-Freed 




3.00 


81 


40 


30 


40 


3.33 


1.79 


6.0 




Forst-Freed 


Iron 


5.00 
257 


79 


00 


32 


20 


2.27 
1.01 


2.03 
0.88 


4.6 




Forst-Freed 
















16 


Meier, 1903 




0.441 










1.28 


1.37 




28 


Meier, 1903 


Lead 


0.589 
589 










1.51 
2.01 
0.37 


1.63 


3.48 
4.42 


33 


Meier, 1903 


Magnesium 


0.589 












62 
93 


Drude 




Drude 


Manganese 


0.579 
0.326 










2.49 
0.68 




3.89 
2.26 


64 
66 




Mercury (liq.) 


Wartenburg, 1910 
Meier, 1903 




0.441 










1.01 




3.42 


74 


Meier, 1903 




0.589 










1.62 




4.41 


75 


Meier, 1903 


Nickel 


0,668 










1.72 




4.70 


77 


Meier, 1903 


0.420 


72 


20 


31 


42 


1.41 


1.79 


2.53 


54 






Tool 




0.589 


76 


1 


31 


41 


1.79 


1.86 


3.33 


f>2 


Drude 




0.750 


78 


45 


32 


6 


2.19 


1.99 


4.36 


70 


Ingersoll 




1.00 


80 


33 


32 


2 


2.63 


2.00 


5.26 


74 


Ingersoll 




2.25 


84 


21 


33 


30 


3.95 


2,33 


9.20 J 


35 


Ingersoll 




0.275 










1.09 


1.16 


.... 5 


24 


Meier, 1903 




0.441 










1.16 


1.23 


. . . . ' 


25 


Meier, 1903 


Platinum 


0.589 
1.00 


*75 


30 


37 


66 


1.30 
1.14 


1.97 
3.25 


. , . . i 
3.7 


13 


Meier, 1903 




Forst-Freed 




2.00 


74 


30 


39 


50 


0.7O 


5.06 


3.5 




Forst-Freed 




3.00 


73 


50 


41 


00 


9.52 


6.52 


3.4 




Forst-Freed 


Electrolytic 


5.00 
0.257 
0.441 
0.589 


72 


00 


42 


10 


3.34 
1.17 
1.84 
2.63 


9.01 
1.65 


3.1 

3.16 \ 
3.54 I 


\7 
>8 
>9 


Forst-Freed 
Meier, 1903 
Meier, 1903 
Meier, 1903 




0.668 


... 









2.91 


3.66159 


Meier, 1903 
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Table 6k-2. Optical Constants of Metals (Continued) 





X, n 


<i> 


* 


Computed 




Metals 


















Authority- 






de- 
grees 


min- 
utes 


de- 
grees 


min- 
utes 


n 


k/n 


k 


R 






0.665 
0.589 


65 
62 


27 

58 


43 
43 


56 0.066- 
42 0.068. 


26.8 
22.1 


.... 




33.8 
32 


Duncan, 1913 




Duncan, 1913 




0.472 


57 


9 


43 





3.070 


14.3 




36.9 


Duncan, 1913 




0.546 










1.09 


1.16 




24 


Morgan, 1922 




0.579 
0.400 
0.490 








... 


1.54 
2.94 
3.12 


2^31 
1.49 


4.67 


78 
14 
35 


Wartenburg, 1910 




Wood 




Wood 




0.589 










2.93 


0.45 




25 


Wood 




0.760 








... 


2.60 


0.06 




20 


Wood 


Silicon, 95 % 


Pure 
0.579 


75 


38 






3.87 


0.116 




35.7 






Wartenburg, 1910 




0.589 










4.18 


0.09 




38 


Ingersoll 




1.25 










3.67 


0.08 




33 


Ingersoll 




2.25 










3.53 


0.08 




31 


Ingersoll 


99.75% pure 


0.589 


76 


45 






4.24 


0.118 




37.8 


Littleton, 1912 




0.226 
0.293 


62 
63 


41 
14 


22 

18 


16 
56 


1.41 
1.57 


0.75 
0.62 


1.11 
0.97 


18 
17 


Minor 




Minor 




0.316 


52 


28 


15 


38 


1.13 


0.38 


0.43 


4 


Minor 




0.332 


52 


1 


37 


2 


0.41 


1.61 


0.65 


32 


Minor 




0.395 


66 


36 


43 


6 


0.16 


12.32 


1.91 


87 


Minor 




0.500 


72 


31 


43 


29 


0.17 


17.1 


2.94 


93 


Minor 




0.589 


75 


35 


43 


47 


0.18 


20.6 


3.64 


95 


Minor 




0.750 


79 


26 


44 


6 


0.17 


30.7 


5.16 


97 


Ingersoll 




1.00 


82 





44 


2 


0.24 


29.0 


6.96 


98 


Ingersoll 




1.50 


84 


42 


43 


48 


0.45 


23.7 


10.7 


98 


Ingersoll 




2.25 


86 


18 


43 


34 


0.77 


19.9 


15.4 


99 


Ingersoll 




3.00 


87 


10 


42 


40 


1.65 


12.2 


20.1 




Forst-Freed 




4.50 


88 


20 


41 


10 


4.49 


7.42 


33.3 




Forst-Freed 




0.665 
0.589 


72 
68 


11 
51 


44 
44 


29 
29 


0.051 
0.044 


55.0 
55.0 




97.7 
97.1 


Duncan, 1913 




Duncan, 1913 




0.546 


68 


48 


44 


20 


0.052 


42.6 




96.5 


Duncan, 1913 




0.472 


66 


29 


44 


9 


0.057 


33.3 




95.2 


Duncan, 1913 




0.435 


66 





44 


6 


0.058 


31.7 




94.8 


Duncan, 1913 


(liq.) 


0.589 
0.546 

0.546 
0.546 
0.546 
0.546 
0.546 

0.589 
0.589 
0.589 
0.226 


77 
77 
77 
66 


15 
22 
35 
51 


28 


n 


0.004 
0.047 

0.081 

1.08 

0.137 

0.124 

0.088 

2.50 
2.66 

2.77 
1.30 


47.3 

27.2 
16.8 
12.5 
12.8 
17.6 

1.30 
1.28 
1.23 
1.26 


2.61 
1.64 


99 
96.9 

94.6 
90.4 
87.0 
86.9 
90.2 

57.4 
57.5 
57.0 
35 


Drude 


(solid) 


Morgan, 1922 


Sodium-potassium : 
17.3% K 


Morgan, 1922 


45.0% K 


Morgan, 1922 


66.0% K 


Morgan, 1922 


74.2% K 


Morgan, 1922 


84.3% K 


Morgan, 1922 


Steel: 

0.44 % C 


Littleton, 1912 


1.28% C 


Littleton, 1912 


3.5% C 


Littleton, 1912 




Minor 




0.257 


68 


35 


28 


45 


1.38 


1.35 


1.86 


40 


Minor 




0.325 


69 


57 


30 


9 


1.37 


1.53 


2.09 


45 


Minor 




0.500 


75 


47 


29 


2 


2.09 


1.50 


3.14 


57 


Minor 




0.650 


77 


48 


27 


9 


2.70 


1.33 


3.59 


59 


Ingersoll 




1.50 


81 


48 


28 


51 


3.71 


1.55 


5.75 


73 


Ingersoll 




2.25 


83 


22 


30 


36 


4.14 


1.79 


7.41 


80 


Ingersoll 




0.579 










2.05 




2.31 


44 


Wartenburg 


Tellurium: 

axis horizontal 


1.590 
0.590 










3.07 
2.68 


0.563 
0.632 





34 
30 


Van Dyke, 1922 
Van Dyke, 1922 


Tin 


0.589 
0.579 
0.589 


76 
78 


"6 
31 






1.48 
2.76 
3.46 


o!98 
0.94 


5.2£ 


»82 
48.6 
54.5 


Drude 




Wartenburg 




Littleton, 1912 




0.579 
0.257 
0.441 










3.03 
0.55 
0.93 




3.51 
0.61 
3.1* 


L 58 

L20 
)73 


Littleton, 1912 




Meier, 1903 




Meier, 1903 




589 










1.93 




4.6( 


J 74 


Meier, 1903 




0.668 










2.62 




5.0* 


J 73 


Meier, 1903 
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Table 6k-3. Optical Constants of Certain Other Metals 
Determined in a Vacuum* 



6-107 



Metal 


X 


<t> 


2# 


n 


k/n 


k 


R 


Beryllium 


5,780 


74.5 


42.2 


2.64 


0.86 


2.27 


43 




5,461 


74.5 


42.4 


2.66 


0.89 


2.36 


44 




4,916 


74.4 


43.1 


2.64 


0.85 


2.25 


42 




4,358 


74.1 


43.4 


2.56 


0.87 


2.23 


42 




4,046 


73.8 


44.1 


2.48 


0.89 


2.20 


42 


Magnesium 


5,780 


75.9 


83.1 


0.48 


7.74 


3.71 


88 




5,461 


75.3 


81.6 


0.57 


6.14 


3.47 


85 




4,916 


73.0 


80.5 


0.53 


5.41 


2.92 


81 




4,358 


71.6 


80.1 


0.52 


5.09 


2.65 


76 




4,046 


71.2 


79.8 


0.52 


4.94 


2.05 


68 


Calcium 


5,780 
5,461 


69.4 


83.7 


0.29 
0.27 


7.94 
8.08 


2.31 
2.16 


83 
83 




68.5 


84.0 




4,916 


66.9 


83.1 


0.29 


6.64 


1.92 


78 




4,358 


64.3 


82.0 


0.29 


5.60 


1.64 


73 




4,046 


63.6 


80.6 


0.34 


4.53 


1.56 


68 


Strontium 


5,780 


68.6 


76.3 


0.61 


3.50 


2.13 


66 




5,461 


67.7 


75.2 


0.63 


3.15 


1.99 


60 




4,916 


64.5 


74.4 


0.58 


2.78 


1.61 


55 




4,358 


63.5 


73.9 


0.57 


2.61 


1.50 


51 




4,046 


61.1 


73.0 


0.55 


2.32 


1.28 


46 


Barium 


5,780 
5,461 


64.5 


'65.7 


0.88 
0.89 


1.73 
1.71 


1.52 
1.51 






64.4 


65.4 


40 
40 




4,916 


61.9 


63.7 


0.86 


1.48 


1.26 


32 




4,358 


59.7 


64.2 


0.78 


1.42 


1.10 


28 




4,046 


59.1 


63.4 


0.82 


1.23 


1.07 


26 


Germanium 


5,780 


75.5 


21.6 


3.42 


0.39 


1.35 


36 




5,461 


75.2 


23.4 


3.47 


0.40 


1.40 


37 




4,916 


74.1 


26.0 


3.16 


0.45 


1.42 


34 




4,358 


73.8 


31.8 


2.93 


0.57 


1.67 


34 




4,046 


73.3 


34.4 


2.85 


0.58 


1.67 


35 


Lanthanum 


5,780 


75.6 


61.1 


1.74 


1.99 


3.47 


64 




5,461 


75.7 


60.8 


1.79 


1.91 


3.43 


63 




4,358 


72.0 


64.1 


1.35 


1.83 


2.49 


54 




4,046 


71.5 


64.4 


1.34 


1.74 


2.33 


51 


Cerium 


5,780 


73.6 


55.8 


1.91 


1.35 


2.58 






50 




5,461 


72.4 


56.7 


1.74 


1.38 


2.39 


47 




4,358 


69.4 


58.3 


1.41 


1.40 


1.97 


42 


Manganese 


5,780 


76.4 


51.3 


2.59 


1.18 


3.04 


53 




5,461 


76.2 


52.9 


2.46 


1.25 


3.07 


54 




4,358 


74.1 


53.8 


2.08 


1.26 


2.62 


50 



* H. M. O'Bryan, J. Opt. Soc. Am. 26, 122 (1936) 
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Table 6k-4. Reflectance of Freshly Evaporated Films of Aluminum, 

Silver, Gold, Copper, and Rhodium* 

(From 0.22 to 10m) 



X, n 


Al 


Ag 


Au 


Cu 


Rh 


0.220 


91.5 


28.0 


27.5 


40.4 


58.5 


0.240 


91.9 


29.5 


31.6 


39.0 


61.3 


0.250 


92.1 


30.4 


33.2 


37.0 


63.0 


0.260 


92.2 


29.2 


35.6 


35.5 


65.0 


0.280 


92.3 


25.2 


37.8 


33.0 


68.5 


0.300 


92.3 


17.6 


37.7 


33.6 


71.2 


0.315 


92.4 


5.5 


37.3 


35.5 


73.0 


0.320 


92.4 


8.9 


37.1 


36.3 


73.6 


0.340 


92.5 


72.9 


36.1 


38.5 


75.5 


0.360 


92.5 


88.2 


36.3 


41.5 


77.0 


0.380 


92.5 


92.8 


37.8 


44.5 


77.4 


0.400 


92.4 


94.8 


38.7 


47.5 


77.6 


0.450 


92.2 


96.6 


38.7 


55.2 


77.2 


0.500 


91.8 


97.7 


47.7 


60.0 


77.4 


0.550 


91.6 


97.9 


81.7 


66.9 


78.0 


0.600 


91.1 


98.1 


91.9 


93.3 


79.1 


0.650 


90.3 


98.3 


95.5 


96.6 


79.9 


0.700 


89.9 


98.5 


97.0 


97.5 


80.4 


0.750 


88.0 


98.6 


97.4 


97.9 


81.2 


0.800 


86.3 


98.6 


'97.7 


98.1 


82.0 


0.850 


85.8 


98.7 


97.8 


98.3 


82.8 


0.900 


88.9 


98.7 


98.0 


98.4 


83.5 


0.950 


91.8 


98.8 


98.1 


98.4 


84.2 


1.0 


93.9 


98.9 


98.2 


98.5 


85.0 


1.5 


96.8 


98.9 


98.2 


98.5 


88.2 


2.0 


97.2 


98.9 


98.3 


98.6 


90.5 


3.0 


97.5 


98.9 


98.3 


98.6 


92.5 


4.0 


97.6 


98.9 


98.3 


98.7 


94.0 


5.0 


97.7 


98.9 


98.3 


98.7 


94.5 


6.0 


97.7 


98.9 


98.3 


98.7 


94.8 


7.0 


97.8 


98.9 


98.4 


98.7 


95.2 


8.0 


97.9 


98.9 


98.4 


98.7 


95.5 


9.0 


97.9 


98.9 


98.4 


98.8 


95.8 


10.0 


98.0 


98.9 


98.4 


98.8 


96.0 



The reflectance of a good evaporated coating is always higher than that of a polished or electro- 
lytically produced surface of the same material. One of the main conditions for preparing a high- 
quality reflection coating by evaporation in high vacuum is a high rate of deposition or fast evaporation 
of the metal. 

* G. Hass, Engineer Research and Development Laboratories, Fort Belvoir. 
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Anti- 


Bronze 


Copper, 


Gold, 




Mag- 


Mag- 


Mercury, 


Wave- 


(68 Cu, 


com- 


electro- 


Iron 


nalium, 


backed 


length 


mony 


32 Sn) 


mercial 


lytic 




Mach's 


nesium 


glass 


0.251 




0.30 


25.9 


38.8 




67.0 






0.288 






24.3 


34.0 


.... 


70.6 






0.305 






25.3 


31.8 




72.2 






0.326 






24.9 


28.6 




75.5 






0.357 






27.3 


27.9 




81.2 






0.385 




0.53 


28.6 


27.1 




83.9 






0.420 






32.7 


29.3 




83.3 






0.450 






37.0 


33.1 




83.4 




72.8 


0.500 




0.63 


43.7 


47.0 


0.55 


83.3 


6.72 


70.9 


0.550 






47.7 


74.0 




82.7 




71.2 


0.600 


0.53 


0.64 


71.8 


84.4 


0.57 


83.0 


0.73 


69.9 


0.650 






80.0 


88.9 




82.7 




71.5 


0.700 






83.1 


92.3 


6.59 


83.3 




72.8 


0.800 






88.6 


94.9 




84.3 






1.00 


0.55 


0.70 


90.1 




6.65 


84.1 


0.74 




2.0 


0.60 


0.80 


95.5 


96.8 


0.78 


86.7 


0.77 




3.0 


0.65 


0.86 


97.1 




0.84 


87.4 


0.80 




4.0 


0.68 


0.88 


97.3 


96.9 


0.89 


88.7 


0.83 




9.0 


0.72 


0.93 


98.4 


98.0 


0.94 


90.6 


0.93 





Wave- 
length 


Nickel, 
electro- 
lytic 


Platinum, 
electro- 
lytic 


Silver, 
chemi- 
cally de- 
posited 


Silver- 
backed 
glass 


Speculum 
metal 


Steel 


Tungsten 


0.251 


37.8 


33.8 


34.1 




29.9 


32.9 




0.288 


42.7 


38.8 


21.2 




37.7 


35.0 




0.305 


44.2 


39.8 


9.1 




41.7 


37.2 




0.326 


45.2 


41.4 


14.6 






40.3 




0.357 


48.8 


43.4 


74.5 




51.0 


45.0 




0.385 


49.6 


45.4 


81.4 




53.1 


47.8 




0.420 


56.6 


51.8 


86.6 




56.4 


51.9 




0.450 


59.4 


54.7 


90.5 


85.7 


60.0 


54.4 




0.500 


60.8 


58.4 


91.3 


86.6 


63.2 


54.8 


0.49 


0.550 


62.6 


61.1 


92.7 


88.2 


64.0 


54.9 




0.600 


64.9 


64.2 


92.6 


88.1 


64.3 


55.4 


0.51 


0.650 


66.6 


66.5 


94.7 


89.1 


65.4 


56.4 




0.700 


68.8 


69.0 


95.4 


89.6 


66.8 


57.6 


0.54 


0.800 


69.6 


70.3 


96.8 






58.0 




1.00 


72.0 


72.9 


97.0 




70.5 


63.1 


0.62 


2.0 


83.5 


80.6 


97.8 




80.4 


76.7 


0.85 


3.0 


88.7 


88.8 


98.1 




86.2 


83.0 


0.90 


4.0 


91.1 


91.5 


98.5 




88.5 


87.8 


0.93 


9.0 


95.6 


95.4 


98.7 




92.2 


92.9 


0.95 



The table gives the per cent of normally incident light which is reflected by the polished surface 
of various metals. 
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Table 6k-5. Reflection of Light by Metals* (Continued) 



Wave- 


Alumi- 


Cad- 


Co- 


Graph- 


Irid- 


Molyb- 


Palla- 


Rho- 


Sili- 


length 


num f 


mium f 


balt f 


ite f 


ium f 


denum f 


dium f 


dium f 


con f 


0.5 








22 




46 




76 


34 


0.6 








24 




48 




77 


32 


0.8 








25 




52 




81 


29 


1.0 


71 


72 


67 


27 


78 


58 


72 


84 


28 


2.0 


82 


87 


72 


35 


87 


82 


81 


91 


28 


4.0 


92 


96 


81 


48 


94 


90 


88 


92 


28 


7.0 


96 


98 


93 


54 


95 


93 


94 


94 


28 


10.0 


98 


98 


97 


59 


96 


94 


97 


95 


28 


12.0 


98 


99 


97 




96 


95 


97 







Wave- 
length 


Tanta- 
lum 


Tel- 
lurium 


Tin 


Vana- 
dium 


Zinc 


Wave- 
length 


Tung- 
sten { 


Stellitet 


0.5 


38 






57 




0.15 




32 


0.6 


45 


49 


... 


58 




0.20 




42 


0.8 


64 


48 




60 




0.30 




50 


1.0 


78 


50 


54 


61 


80 


0.50 


0.50 


0.64 


2.0 


90 


52 


61 


69 


92 


0.75 


0.52 


0.67 


4.0 


93 


57 


72 


79 


97 


1.00 


0.576 


0.689 


7.0 


94 


68 


81 


88 


98 


2.00 


0.900 


0.747 


10.0 






84 




98 


3.00 


0.943 


0.792 


12.0 


95 




85 




99 


4.00 
5.00 
9.00 


0.948 
0.953 


0.825 
0.848 
0.880 



Wavelength, /x, 
0.001 mm 


Silver f 


Monel 
metal If 


Stellitelf 


Zinc If 


0.45 


88.0 


56.5 


63.5 


54.0 


0.50 


90.0 


57.8 


65.8 


55.0 


0.55 


91.5 


59.0 


68.3 


56.0 


0.60 


92.7 


60.2 


70.1 


57.5 


0.65 


93.5 


61.8 


71.0 


60.0 


0.70 


94.1 


63.7 


71.8 


61.0 


0.75 


94.7 


65.6 


72.4 


61.5 


0.80 


95.1 


67.2 


73.0 


61.5 


0.90 


96.0 


70.0 


73.5 


55.5 


0.95 


96.3 


71.1 




51.0 


1.00 


96.5 


72.3 


74.0 


49.0 


1.05 


96.7 


73.0 




53.5 


1.10 


96.9 


73.6 




62.5 


1.20 


97.2 


74.8 


74.5 


74.7 


1.40 


97.4 


77.0 


75.0 


85.8 


1.50 


97.6 


78.2 


75.3 


88.4 


1.75 


97.8 


81.2 


76.0 


92.0 


2.00 


97.9 


83.8 


76.8 


94.0 


2.50 


98.0 


87.0 


78.6 


95.3 


3.00 


98.0 


88.7 


80.0 


95.5 


3.50 


98.0 


89.5 


81.4 


95.8 


4.00 


98.0 


91.0 


82.8 


96.2 



,. * "Handbook of Chemistry and Physics," 36th ed., pp. 2684, 2685, 2686, Chemical Rubber Pub- 
lishing Company, 1954-1955. 

t Coblentz, 1906, 1911. 

j Coblentz, Emerson, 1917. 

f Coblentz, Natl. Bur. Standards (U.S.) Bull. 379 (1920). 



61. Fluorescence and Phosphorescence 



Table 61-1. Some Characteristics of Fluorescent Chemicals* 



Phosphor 


Lamp color 


Exciting 
range, t 

A 


Sensitivity- 
peak, 
A 


Emitted 

range, 

A 


Emitted 

peak, 

A 


Calcium tungstate 


Blue 

Blue-white 

Green 

White 

Yellow-pink 

Pink 

Blue ultra 
Red 


2,200-3,000 
2,200-3,200 
2,200-2,960 
2,000-2,600 
2,200-3,200 
2 , 200-3 , 600 

2,200-2,700 
2,200-3,400 


2,720 
2,850 
2,537 
2,500 
2,400 
2,500 

2,500 
3,130 


3,100-7,000 
3,600-7,200 
4,600-6,400 
3,500-6,800 
4,800-7,400 
5,200-7,500 

3,100-4,100 

5,600-8,100 

plus uv 


4,400 

4,800 

5,250 

4,800,5,800 

5,950 

6,150 

3,500 
6,500 


Magnesium tungstate 

Zinc silicate 


Calcium halophosphates 

Cadmium silicate 


Cadmium borate 


BL phosphor BaShOs with 
Pb 


Calcium phosphate with Ce 
and Mn 



* "Smithsonian Physical Tables," 1954, Table 96. 
t 2,200 A was lower limit of measurements. 



Data furnished by H. C. Froelich, of Nela Park. 



Table 61-2. Fluorescence of Organic Substances in Solution* 
(Excitation by white light) 



Substance 


Solvent 


Wave- 
length, 


Observer 


Anthracene 


Alcohol 

Alcohol or water 

Alcohol 

Water (alkaline) 

Alcohol 

Water 

Water 

Water 


(0.400 
{ 0.430 
10.436 
0.589 
0.460 
0.542 
0.632 
0.437 
0.65 
0.554 


Stark and Meyer, 1907 

Nichols and Merritt, 1907 
Nichols and Merritt, 1907 
Nichols and Merritt, 1907 
Nichols and Merritt, 1907 
Nichols and Merritt, 1907 
Nichols and Merritt, 1907 
Nichols and Merritt, 1907 


Eosine 


Esculine 


Fluorescein 


Naphthalin, red 

Quinine sulfate 


Resorcin blue 


Rhodamin 





* "Handbook of Chemistry and Physics," 36th ed., p. 2736, Chemical Rubber Publishing Comoanv 
1954-1955. y ' 
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Table 61-3. Fluorescence of Gases and Vapors* 



Gas or 
vapor 


Condition 


Excitation 


Color or wavelength 
of emitted light 


Observer 


Iodine 


Vapor at 


Mercury arc 


Strongest bands 


Wood, 1911 




ordinary 


X = 0.546/x 


X = 0.5460/*, 0.5774m 






temp. 




0.5730, 0.5796 




Mercury . . . 


Vapor at 


Spark between 


Broad band 


Wood, 1909 




ordinary 


aluminum 


X = 0.5900-0.3000 






temp. 


electrodes 






Oxygen 




Mercury arc in 
quartz tube 


Strongest lines 
X = 0.1849, 0.1851 
(ultraviolet) 


Streubing, 1910 


Potassium . . 


Vapor, 


White light 


Many strong lines 


Wood and Carter, 




300-400°C 




from 0.6416-0.6768, 
strongest 0.6544 and 
0.6584 


1908 


Rubidium . . 


Vapor at 


White light 


Strong red band 


Dunoyer, 1912 




270°C 


(elec. arc) 


X = 0.6900-0.6620 




Sodium 


Vapor at 


White light 


D, X = 0.5893 


Dunoyer, 1912 




350°C 


(elec. arc) 


(mean) 





* "Handbook of Chemistry and Physics," 36th ed., p. 2736, Chemical Rubber Publishing Company, 
1954-1955. 
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6m. Radiation Detection 



Radiation detectors can be classed as either thermal detectors or quantum detectors. 
In the former the radiation is absorbed and transformed into heat in the detector, 
producing a temperature rise in the device. Some characteristic of the detector 
changes as a function of temperature, and this characteristic can be measured to 
determine the quantity of radiation striking the detector. In this type of receiver, 
then, the quantity actually measured is the temperature change. In the quantum 
detector, on the other hand, the incident photons change the detector characteristic 
directly. 

There can be as many thermal detectors as there are material characteristics 
which change with temperature. Table 6m-l lists some of the commercially availa- 
ble types. 

Table 6m-l. Thermal Detectors 
Device Measured Characteristic 

Bolometer Change of electrical resistance with temperature 

Thermocouple Peltier effect or change of contact potential at a junction 

as a function of temperature 

Pneumatic detector Change of gas pressure in an enclosed chamber as a 

function of temperature 

Various kinds of quantum detectors are mentioned and described briefly in 
Table 6m-2. 

Table 6m-2. Quantum Detectors 
Device Measured Characteristic 

Photoelectric cell The emission of an electron from a surface when struck 

by sufficiently energetic photons 
Photoconductor cell ....... The resistance of the cell changes directly as a result of 

photon absorption 
Photovoltaic cell A voltage is generated directly as a result of the absorp- 
tion of a photon 

Photographic plate A silver halide is reduced to silver by photon absorption 

The important characteristics of radiation detectors are : 

Spectral Response. This is a relative signal obtained from a detector at different 
wavelengths. In the case of thermal detectors, the response is generally independent 
of wavelength over a range from the ultraviolet to wavelengths which approach the 
dimensions of the detector. The responsivity of the detector is its output in volts 
or amperes as a function of light intensity or radiation intensity. 

Noise. This is the random signal generated by a detector, independent of the 
signal from the radiation being measured. In the case of a thermal detector, this 
noise will include the basic statistical mechanical temperature fluctuation of whatever 
characteristic is being used to measure temperature. In the case of a bolometer this 
noise will be the Johnson or electronic thermal noise associated with the resistance. 
There can also be noise associated with the fluctuations in the radiation received by 
the detector from its environment and emitted by the detector to its environment. 
This photon fluctuation noise is usually smaller than other types of noises in detectors. 
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. .- ~ PHOTO. XELLS 

N.E.R FOR IcmZ AREA, 90cp$CH0PPING 

FREQUENCY, AND Icps BANO WIDTH. 

CELL T »C NOISE TIME CONSTANT 
i I, v c R|SE0ECAY 

20 




WAVELENGTH 

0.4 08 2.0 4.0 6.0 8.0 IttO MICRONS 

Characteristics of commercially available quantum detectors. 

Quantum detectors that produce electrical signals also develop the same types of 
noises associated with thermal detectors. In addition, some of these detectors can 
develop "shot" noise which is associated with the random fluctuations in the emission 
of the electrons from a cathode surface. These noises are of the following kinds: 

ELECTRONIC THERMAL AGITATION NOISE I 

rms voltage = V^kTR(f 2 - /i) 

where k = Boltzmann constant = 1.374 X 10 -23 joule/°K 
T = absolute temperature, °K 
R = electrical resistance, ohms 
/i, /2 = frequency limits 

shot noise: 

rms current = \/2e/(/2 — /i) amp 

where e = electronic charge, coulombs = 1.59 X 10~ 19 
/ = direct current, amp 
current noise: Noise arising from changes in state of the conducting holes and 
electrons in a semiconductor. Current noise voltage generally follows the relationship 



voltage = \n 



CI 2 log 



where C = a constant for the geometry and semiconductor material. 
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Fig. 6m-2. Spectral sensitivities of commercially available phototubes. 
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Fig. 6m-2. (Continued) 
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Time Constant. The time required for the signal to complete all but 1/e of its 
steady-state change, following a step-function change in radiation, is called the 
time constant. 

The Equivalent Noise Input (E.N.I.) or Noise Equivalent Power (N.E.P.). The 
E.N.I, or N.E.P. is the average watts required to give a signal equal to the rms noise 
from the detector. Table 6m-3 gives the characteristics of various commercially 
available thermal detectors. The chart and data presented in Fig. 6m-l provide 
similar information for some of the quantum detectors. Figure 6m-2 provides 
spectral sensitivity characteristics of some commercially available phototubes. 



6n. Velocity of Light 



Table 6n-l* 


No. 


Date 


Experimenter 


Method 




Velocity 


1 


1876 


Cornu 


Toothed wheel 


L/T 


299,990 ± 200 


2 


1880 


Michelson 


Rotating mirror 


L/T 


299,910 ± 50 


3 


1883 


Newcomb 


Rotating mirror 


L/T 


299,860 ± 30 


4 


1883 


Michelson 


Rotating mirror 


L/T 


299,853 ± 60 


5 


1902 


Perrotin 


Toothed wheel 


L/T 


299,901 ± 84 


6 


1906 


Rosa and Dorsey 


Maxwell's bridge 


esu/emu 


299,781 ± 10 


7 


1923 


Mercier 


Waves on wires 


\v 


299,782 ± 15 


8 


1926 


Michelson 


Rotating mirror 


L/T 


299,796 ± 4 


9 


1928 


Karolus and 
Mittelstaedt 


Kerr cell 


L/T 


299,778 ± 10 


10 


1932 


Michelson, Pease, 
and Pearson 


Rotating mirror 


L/T 


299,774 ± 11 


11 


1940 


Huettel 


Kerr cell 


L/T 


299,768 ± 10 


12 


1941 


Anderson 


Kerr cell 


L/T 


299,776 ± 14 


13 


1950 


Bergstrand 


Electronic chopper 


L/T 


299,792.7 ± 0.25 


14 


1950 


Essen 


Microwave cavity 


\v 


299,792.5 ± 3 


15 


1950 


Houstoun 


Vibrating crystal 


L/T 


299,775 ± 9 


16 


1950 


Bol and Hansen 


Microwave cavity 


\p 


299,789.3 ±0.4 


17 


1951 


Aslakson 


Shoran radar 


L/T 


299,794.2 ± 1.9 


18 


1952 


Rank, Ruth, and 
Vander Sluis 


Molecular spectra 


\p 


299,776 ± 7 


19 


1952 


Froome 


Microwave 
interferometer 


\v 


299,792.6 ±0.7 


20 


1954 


Florman 


Radio interferometer 


\p 


299,795 ±3.1 


21 


1954 


Plyler 


Molecular spectra 


\v 


299,792 ± 6 


*Sc 
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Principal attempts to measure the speed of light are summarized in the chart and 
Table 6n-l. Vertical lines on the chart represent the range of error in each measure- 
ment, with the most probable value indicated by the short cross mark. The column 
to the left of the list of velocities on Fig. 6n-l refers to the theory underlying each 
method. L/T means that the experimenter essentially measured a distance and a 

3300,000 
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a! 299,900 
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or 



§ 299,800 
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299,700 

IOOV lo^v i«/w ■"■ 

DATE 
Fig. 6n-l. Determinations of the velocity of light. (Scientific American.) 

time and found the velocity by dividing the two. esu/emu refers to the ratio of 
electrostatic to electromagnetic units. The expression \p indicates that the wave- 
length X and the frequency v of some electromagnetic radiation were each measured 
experimentally and that these values were multiplied together to give the waves' 
velocity. 
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60. Radio Astronomy 1 

L. M. BRANSCOMB 
National Bureau of Standards 



6o-l. Radio-astronomical Measurements. Radio astronomy is an extension of 
photographic astronomy into the spectral range 15 to 30,000 Mc/sec to detect the 
radio noise which is part of the continuous spectrum of the radiation source. Large 
radio telescopes may have a beam width of the order of 1 deg, but modern radio 
interferometers can locate the positions of discrete sources of radio noise within 
angles smaller than 1 minute. To date, the only discrete spectral line observed is 
the hyperfine transition in the ground state of the hydrogen atom at a wavelength 
of 21 cm. In contrast with visual astronomy absolute intensities of the radio- 
frequency continuum are measured with relative ease. As a result the intensities P v 

1 The reader is advised to consult the current literature in this new and rapidly advancing 
field. 
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of radio noise signals from discrete sources are reported in either absolute units 
[watts/mVsec)- 1 ] or in terms of the equivalent photographic magnitude or equiva- 
lent thermodynamic temperature of the source, if the angular size of discrete objects 
is known. The definition of radio magnitude given by Brown and Hazard 1 is 

m R = -53.4 - 2.5 log P v 

where P v is the intensity in the units given above. 

For a radio source of finite extent (spherical with angular diameter d minutes of arc), 
the radio luminosity 2 is 

L v = 1.2 X 10 41 P„r 2 ergs sec" 1 (c/sec)-* 

where the distance to the source r is given in parsecs. 3 The total volume emissivity is 

3.2 X 10- 4 P„ 



Jy = 



dh 



ergs cm -3 sec -1 (c/sec)" 1 



In these units the source emissivities vary from 1.4 X 10 -30 for the galaxy 4 to at 
least 10~ 23 for the extragalactic sources of Taurus and Cassiopeia. 6 




10,000 



100,000 



'00 1000 

FREQUENCY (MC/S) 

Fig. 6o-1. The spectra of the three components of solar radio-frequency radiation. That of 
Tb is constant (at least for several years) in form and level. That of T s varies in level and 
the curve shown corresponds to a sunspot area of 5,000 millionths. That of T x is highly 
variable in both form and level; the curve shown represents approximate, average, relative 
values for the various frequencies and for moderately disturbed conditions. [Piddinaton 
and Minnett, Aust. J. Sci. Res. A4, 131 (1951).] 

6o-2. Solar Noise. Although solar noise power is often expressed in terms of the 
effective temperature of the source, the spectrum is not of black-body character. 
Figure 6o-l shows the effective temperature of the sun as a function of the measured 

1 R. H. Brown and C. Hazard, Phil. Mag. 43, 137 (,1952). 

2 R. Minkowski and J. E. Greenstein, Astrophys. J. 119, 238 (1954). 

3 Useful conversion factors from Aller, "Astrophysics," p. ix, The Ronald Press Com- 
pany, New York, 1954. Parsec: 3.084 X 10"- cm/pc; 3.258 light-year /pc. Light-year* 
9.463 X IO1 7 cm /light-year; log cm/light-year = 17.97603. Astronomical unit = 1 49674 
X 10 s km. 

* Westerhout and Oort, Bidl. Astron. Inst, Netherlands 11, 323 (1951). 
R. Minkowski and J. E. Greenstein, Astrophys, J. 119, 238 (1954). 



6-122 optics 

frequency. 1 Three components of the solar noise are distinguished by Piddington 
and Minnett: a basic steady component B from chromosphere and corona, a slowly 
varying component S associated with sunspot number, and rapid fluctuations of 
various kinds collectively termed X. The X component at low frequencies is closely 
related to violent solar activity and the correlated terrestrial atmospheric storms. 
About 80 per cent of solar flares are accompanied by radio noise at 200 Mc/sec. 2 

6o-3. Galactic Radio Noise. Galactic radiation is observed both in the continuous 
r-f spectrum and in the 21.10614-cm line of hydrogen. The frequency of this transi- 
tion has recently been remeasured in the laboratory and is given in Table 6o-l. The 

Table 6o-1. Hypbrfine Splitting of Atomic Hydrogen Ground State 

(X -.21.10614 cm) 



j>o, Mc/sec 


Technique 


Investigator 


1,420.40580 ± 0.00005 
1,420.40573 ± 0.00005 


Microwave absorption 
Molecular beam 


Wittke and Dicke* 
Kuschf 



* J. P. Wittke and R. H. Dicke, Phya. Rev. 96, 530 (1954). 
fP. Kusch, Phya. Rev. 100, 1188 (1955). 

isophotes of the continuous radio emission from the galaxy have been mapped at 
100 Mc/sec by Bolton and Westfold 3 and others. The radiation is concentrated in 
the galactic plane, and the nongaseous component is closely correlated in distribution 
with the general stellar distribution. 4 This distribution in galactic latitude is similar 
to the distribution of cluster-type variables, 5 consistent with the conclusion that the 
galactic radiation originates in population II objects, as well as in hot (ionized) 
interstellar regions. Equivalent galactic temperatures from 9.5 to 3,000 Mc/sec, as 
well as isophotes, are given by Piddington. 6 

The relative motion of distant parts of the galaxy can be traced by the Doppler 
shifts in the galactic radiation in the hydrogen hyper fine-structure line. The results 
show that the galaxy has a spiral structure, rotating with the arms of the spiral 
trailing, and with the arms not confined to a single plane. 7 The center of the galaxy 
is placed at about 8.2 kiloparsecs from the sun, the region near the sun having a linear 
velocity of about 216 km/sec. 8 The temperature of the gas in the HI regions is 
deduced from the 21-cm line intensity and is about 100°K. Hydrogen radiation has 
also been detected from the Magellanic clouds. 9 

6o-4. Discrete Radio Sources. The general galactic radiation at 21 cm is observed 
in emission. However, a source of strong hydrogen absorption (0.5 deg diameter) 
has been reported in a bright star cluster in Sagittarius. 10 

Discrete radio sources have been described by Baade and Minkowski 6 in four 
categories: remnants of supernovae; galactic nebulosities of a new type; peculiar 

1 J. H. Piddington and H. C. Minnett, Australian J. Sci. Research, ser. A, 4, 131 (1951). 

2 R. Payne-Scott and A. G. Little, Australian J. Sci. Research, ser. A, 5, 32 (1952); 
H. W. Dodson, E. R. Hedeman, and L. Owren, Astrophys. J. 118, 169 (1953). 

3 J. G. Bolton and K. C. Westfold, Australian J. Sci. Research, ser. A, 3, 19 (1950). 

4 R. H. Brown and C. Hazard, Phil. Mag. 44, 939 (1953). 

5 W, Baade and R. Minkowski, Astrophys. J. 119, 230 (1954). 

6 J. H. Piddington, Monthly Notices Roy. Astron. Soc. Ill, 45 (1951). 

7 H. C. Van de Hulst, Observatory 73, 129 (1953); J. H. Oort, Naturwiss. 41, 73 (1954); 
H. G. Van de Hulst, C. A. Muller, and J. H. Oort, Bull. Astron. Inst. Netherlands 12, 117 
(1954). 

8 Ibid. 

9 F. J. Ken, J. V. Hindman, and B. J. Robinson, Australian J. Phys. 7, 297 (1954). 

10 J. P. Hagen and E. F. McClain, Astrophys. J. 120, 368 (1954). 
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extragalactic nebulae; and normal extragalactic nebulae. The radio and photo- 
graphic positions of the identified sources are given by Baade and Minkowski. 1 
Among the peculiar extragalactic nebulae, one of the most interesting is the source 
in Cygnus A, where there is photographic evidence that the source is the remnant 
of two colliding galaxies. 2 

For detailed information on radio astronomy and related topics see: 

Ryle, M.: Repts. Progr. in Phys. 13, 214 (1950). 

Lovell A. C. B., and J. A. Clegg: "Radio Astronomy," Chapman & Hall, Ltd , 
London, 1952. ' 

Van de Hulst, H. C: "A Course in Radio Astronomy," Leiden Observatory, Leiden, 

19ol. 
Aller, L.: "Astrophysics," The Ronald Press Company, New York, 1954. 
Lovell, A. C. B., and colleagues: Occasional Notes, Roy. Astron. Soc. 16, 29 (1954) 
Kuiper, G. P.: "The Solar System," I. The Sun, University of Chicago Press 

Chicago, 1953. ' 

Bolton, J. G., F. G. Smith, R. Hanbury Brown, and B. Y. Mills: Discrete Source of 

Extra-terrestrial Radio Noise, Special Report 3, International Scientific Radio 

Union (URSI), Brussels, 1954. 

1 W. Baade and R. Minkowski, Astrophys. J. 119. 206,230 (1954). 

2 Ibid., p. 206. 
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7a. Atomic Constants 



Table 7a-l gives the best values of the atomic constants with probable errors as of 
October, 1954, evaluated by J. A. Bearden, M. B. Earle, J. M. Minkowski, and J. S 
Thomsen of The Johns Hopkins University. While the least-squares method was used, 
the result is substantially equivalent to a direct solution based on the following experi- 
ments: the microwave measurement of the fine-structure constant a by Triebwasser, 
Dayhoff, and Lamb; 1 the determination of the magnetic moment of the proton in 
nuclear magnetons by Sommer, Thomas, and Hippie; 2 the measurement of the gyro- 
magnetic ratio of the proton by Thomas, Driscoll, and Hippie; 3 a weighted mean of 
several recent velocity-of -light experiments; and the determination of the ratio of the 
proton magnetic moment to the anomalous moment of the electron by Koenig, 
Prodell, and Kusch. 4 Atomic masses were obtained from weighted means of recent 
values given in a review by Duckworth, Hogg, and Pennington. 6 

These values are in good agreement with most other recent experiments of high 
precision except for the X-ray determinations of h/e, where it seems possible there 
may be some unsuspected source of systematic error. For this reason, no X-ray data 
of any kind were used in the evaluation. 

Wherever atomic weights are involved, the physical scale is used. 

1 Triebwasser, Dayhoff, and Lamb, Phys. Rev. 89, 98 (1953). 

2 Sommer, Thomas, and Hippie, Phys. Rev. 82, 697 (1951). 

3 Thomas, Driscoll, and Hippie, J. Research Natl. Bur. Standards 44, 569 (1950). 

4 Koenig, Prodell, and Kusch, Phys. Rev. 88, 191 (1952). 

5 Duckworth, Hogg, and Pennington, Revs. Modern Phys. 26, 463 (1954). 
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elm 

N 

no 

c 

F 

h 

h 

h/e 

h/m 

mo 

po/hc 

M« 

fin 

lip 
Rh 

Rao 



ao 
BI 
c\ 

C2 

k 

k/hc 

Ro 

Vo 



Mo 
M/mN 



ATOMIC CONSTANTS 
Table 7a-l. General Atomic Constants 
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Electronic charge 

Specific charge of electron 

Avogadro's number (molecules per mole) 

Loschmidt's number (molecules per cm') 

Velocity of light in vacuum 

Faraday F = Ne/c 

Planck's constant 

A « h/2* 



Bohr magneton fu> — he/Airtne 
Zeeman displacement per gauss 
Magnetic moment of electron 
Nuclear magneton 
Magnetic moment of proton 
Rydberg constant for hydrogen 
Rydberg constant for infinite mass 
Fine-structure constant 2ire i /hc 

First Bohr radius A 2 /4ir 2 me 2 
Band-spectrum constant BI = A/8x 2 c 
First radiation constant (grAc) 
Second radiation constant hc/k 
Stefan-Boltamann constant 2x s fc 4 /15c 2 A» 
Boltzmann constant 

Wien-displacement-law constant 
Gas constant per mole Ro = Nk 
Molar volume 



(4.8029 ± 0.0001) X 10"" esu 

(5.2731 ± 0.0002) X 10" esu g"* 

(6.0248 ± 0.0003) X 10 2 » (g-mole)"* 

(2.6871 ± 0.0002) X 10*» cm"' 

(2.997923 ± 0.000008) X 10" cm sec"* 

(9652.2 ± 0.2) emu (g-equivalent) "* 

(6.6253 ± 0.0003) X 10" 2 ' erg sec 

(1.05445 ± 0.00005) X 10"" erg sec 

(1.37943 ± 0.00003) X 10"" erg sec (esu)-* 

(7.27383 ± 0.00005) cm 2 sec"* 

(0.92734 ± 0.00003) X 10" 2 <> erg gauss"* 

(4.6689 + 0.0001) 10" 6 cm"* gauss"* 

(0.92840 ± 0.00003) X 10" 2 ° erg gauss "i 

(5.0505 ± 0.0002) X 10" 2 * erg gauss"* 

(1.41049 ± 0.00004) X 10" 2 * erg gauss"! 

(109677.58 ± 0.01) cm"* 

(109737.31 ± 0.01) cm"* 

(7.29732 ± 0.00003) X 10"» 

137.0366 ± 0.0005 

(5.29175 ± 0.00002) X 10"» cm 

(2.7990 ± 0.0002) X 10"'» g cm 

(4.9919 ± 0.0002) X 10"" erg cm 

(1.43886 ± 0.00005) cm deg 

(5.6685 i 0.0007) X 10"* erg cm" 2 deg"« se< 

(1.38041 ± 0.00007) X 10"*« erg deg-x 

(0.69500 ± 0.00002) cm"* deg"* 

(0.289794 ± 0.000009) cm deg 

(8.3167 ± 0.0003) X 10 7 erg mole"* deg"* 

(2.24208 ± 0.00003) X 10* cm* mole"* 



Masses 



Mass of electron 

Reduced mass of electron in hydrogen atom 

Mass of particle with atomic weight one Mo 

= No-* 
Ratio proton to electron mass 
Ratio of physical to chemical scale of atomic 

weights 



(9.1084 ± 0.0004) X lO" 2 * g 
(9.1034 ± 0.0004) X 10 -" g 
(1.65981 ± 0.00007) X 10" 2 < g 

1,836.13 ± 0.01 
1.000275 



Atomic Masses 



M 
d 



Nm 



H atom 
D atom 
T atom 
Proton 
Deuteron 
Triton 
Neutron 
Electron 
Oxygen 16 



1.008144 ± 0.000002 

2.014739 ± 0.000004 

3.01704 

1.007595 ± 0.000002 

2.014190 ± 0.000004 

3.01650 

1.008982 

(5.48760 ± 0.00004) X 10~« 

16.00000 
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7b. The Periodic System 



Table 7b-l. Alphabetical List of the Elements 

In later tables the elements are arranged according to increasing order number Z. This table gives 
m alphabetical order the names of the elements in English, French, and German, together with the 
chemical symbol, year of discovery, and order number of each. (A dash means that the name of the 
element in French or German is the same as in English.) 



English 



Actinium ...... 

Alabamine*. . 
Alumin(i)um. 
Americium . . . 
Antimony 
Argentum*. . . 

Argon 

Arsenic 

Astatine 

Barium ....... 

Berkelium 
Beryllium 

Bismuth 

Boron 

Bromine 

Cadmium . 

Calcium 

Californium . . . 

Carbon 

Cassiopeium * . 

Celtium* 

Cerium 

Cesium 

Chlorine 

Chromium .... 

Cobalt 

Columbium * . . 

Copper 

Curium 

Deuterium .... 
Dysprosium . . . 
Einsteinium . . . 
Emmanation * . 
Erbium 



Name in 
Freneh 



Name in 
German 



Aluminium 


Aluminium 


Americium 


— 


Antimoine 


Antimon 


— 


Arsen 


— 


Baryum 


Beryllium 


— 


— 


Wismut 


Bore 


Bor 


Brome 


Brom 



Carbone 



Cerium 
Cesium 
Chlore 
Chrome 



Cuivre 



Year of 
discovery 



Kohlenstoff 



Cer 

Caesium 
Chlor 
Chrom 



Kupfer 



1899 

1827 
1945 
Old 

1894 
Old 
1940 
1808 
1950 
1798 
1753 
1808 
1826 
1817 
1808 
1950 
Old 



1803 
1860 
1774 
1797 
1735 

Old 
1944 
1930 
1886 
1955 

1843 



Symbol 



Ac 
(Ab) 
Al 
Am 
Sb 
Ag 
A 
As 
At 
Ba 
Bk 
Be 
Bi 
B 
Br 
Cd 
Ca 
Cf 
C 
Lu 
(Ct) 
Ce 
Cs 
CI 
Cr 
Co 
(Cb) 
Cu 
Cm 
D 
Dy 
E 
Rn 
Er 



89 
(85) 

13 
95 
51 
47 
18 
33 
85 
56 
97 

4 
83 

5 
35 
48 
20 
98 

6 
71 
(72) 
58 
55 
17 
24 
27 
41 
29 
96 

1 
66 
99 
86 
68 
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Table 7b-l. Alphabetical List of the Elements (Continued) 



English 



Europium .... 

Fermium 

Ferrum* 

Fluorine. ... ... 

Francium 

Gadolinium . . . 

Gallium 

Germanium . . . 

Gold 

Hafnium 

Helium 

Holmium. 
Hydrogen .... 

Illinium* 

Indium 

Iodine 

Iridium 

Iron 

Kalium*. 

Krypton 

Lanthanum. . . 

Lead 

Lithium. .._... 

Lutetium 

Magnesium . . . 
Manganese . . . 
Masurium*. . . 
Mendelevium . 
Mercury. 
Molybdenum . 

Natrium * 

Nebulium*. . . 
Neodymium. . 

Neon 

Neptunium . . . 
Nickel ....... 

Niobium 

Niton 

Nitrogen. 

Osmium 

Oxygen 

Palladium 

Phosphorus . . . 

Platinum 

Plumbum*. . . 
Plutonium 

Polonium 

Potassium . . . 



Fluor 



Or 



Name in 
French 



Helium 



Hydrogene 



lode 



Fer 



Lanthane 
Plomb 

Lutetium 

Magnesium 

Manganese 



Name in 
German 



Mercure 
Molybdene 



Neodyme 
Neon 



Nitrogene 

Oxygene 

Phosphore 
Platine 



Fluor 



Wasserstoff 

Jod 
Eisen 



Lanthan 
Blei 



Mangan 



Quecksilber 
Molybdan 



Neodym 



Year of 
discovery 



Stickstoff 

Sauerstoff 

Phosphor 
Platin 

Kalium 



1896 
1955 

1771 
1939 
1880 
1875 
1886 
Old 
1923 
1895 
1879 
1766 

1863 
1811 
1803 
Old 

1898 
1839 
Old 
1817 
1907 
1755 
1774 

1955 
Old 
1778 



1885 
1898 
1940 
1751 
1801 

1772 
1803 
1774 
1803 
1669 
1735 

1940 
1898 
1807 



Symbol 



Eu 

Fm 

Fe 

F 

Fr 

Gd 

Ga 

Ge 

Au 

Hf 

He 

Ho 

H 

(ID 
In 
I 
Ir 
Fe 
K 
Kr 
La 
Pb 
Li 
Lu 
Mg 
Mn 
(Ma) 
Mv 
Hg 
Mo 
Na 

Nd 

Ne 

Np 

Ni 

Nb 

Rn 

N 

Os 

O 

Pd 

P 

Pt 

Pb 

Pu 

Po 

K 
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English 



Praseodymium . 
Prometheum . . . 
Protactinium . . . 

Radium 

Radon 

Rhenium 

Rhodium 

Rubidium 

Ruthenium .... 

Samarium 

Scandium 

Selenium. ...... 

Silicon 

Silver 

Sodium 

Stannum* 

Stibium* 

Strontium 

Sulfur 

Tantalum 

Technetium .... 

Tellurium 

Terbium 

Thallium 

Thorium 

Thulium 

Tin 

Titanium 

Tritium ....... 

Tungsten 

Uranium ....... 

Vanadium 

Virginium*. 

Wolfram* 

Xenon . 

Ytterbium 

Yttrium 

Zinc 

Zirconium 



Name in 
French 



Praseodyme 
Prometheum 



Ruthenium 



Sel&iium 

Silicium 

Argent 



Name in 
German 



Praseodym 



Year of 
discovery 



Soufre 
Tan tale 

Tellure 



Etain 
Titane 

Tungstene 



X6non 



Selen 
Silicium 
Silber 
Natrium 



Schwefel 
Tantal 



Tellur 



Zinn 
Titan 

Wolfram 
Uran 



Zink 
Zircon 



1879 

1947 

1917 

1898 

1900 

1925 

1803 

1861 

1844 

1879 

1879 

1817 

1823 

Old 

1807 



1790 
Old 
1802 
1937 
1782 
1843 
1861 
1828 
1879 
Old 
1791 

1781 
1789 
1830 



1898 
1878 
1794 
1746 
1789 



Symbol 



Pr 
Pm 
Pa 
Ra 
Rn 
Re 
Rh 
Rb 
Ru 
Sm 
Sc 
Se 
Si 
Ag 
Na 
Sn 
Sb 
Sr 
S 

Ta 
Tc 
Te 
Tb 
Tl 
Th 
Tm 
Sn 
Ti 
T 
W 
U 
V 
(Vi) 

w 

Xe 

Yb 

Y 

Zn 

Zr 



59 
61 
91 
88 
86 
75 
45 
37 
44 
62 
21 
34 
14 
47 
11 
50 
51 
38 
16 
73 
43 
52 
65 
81 
90 
69 
50 
22 
1 
74 
92 
23 
(87) 
74 
54 
70 
39 
30 
40 



* Alternate or obsolete names. An order number between parentheses means that the discovery 
of the element was an error and another element has taken its place. Element symbols between 
parentheses have been given up. 
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H 

W 
O 

3 

H 



03 CO 


SiS", 


rH < tH - [ CO M rH - 


^ ojco 


CO S M 

°°PHrH^ 






<N 1 




CO ,_| 

10 (Nl 


00^1 




ooOco^i 


CO 1 CO 1 


r-T 


££<* 




H*^ 1 

*-** 


iO n ^ ' CO M^ ' 








1—1 


^..^COI cs| 03COI 
rH GG ^ CCOh 


O ri^ 1 


oo pn^ 




iopq<Ni 


2^<NI 




2 «"* 


SoH^' 






COtSl^, 


00 T^ 


O bC 00 








£^<"' 








H 




CO 
I> © _iTi 








26 

Fe 

1, 3, 5, 7 


co~ 


CO «2 ~ 

co 




25 

Mn 

2, 4, 6, 8 


00 


00 




24 

Cr 

1, 3, 5, 7 


42 

Mo 

1, 3, 5, 7 






col 


COI 


CO *«> 








t^pHCOl 


- 


rHO^ 






8-3"' 


03 CO 




O 03^ 


00 fc 00 


CO a 00 

^«rH~| 


00 J 00 


r-l^(M | 


CO^^ 


s|«' 


SMni 


sS«« 


Sc>' 


SofS^ 1 



rH^ 




O^CO 

^t*rH~| 




g^<NI 


ii 


00 t, 


§i 


<>rS 

coa 


§w 


CO >> 

coQ 


00 *w 


coH 


ospq 


64 

Gd 

7,9, 11 


co S 


63 

Eu 

6, 8, 10 


8| 




^i 3 

C5pH 


<o£ 


CO^ 


Sg*' 




Sfi^i 


rH 08 

OpH 


S3 




"a? 
rd 

OP 
<D 
o3 

DQ 

03 

"3 

c3 

9 
* 
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Table 7b-3. Phoperties op Elements* 
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z 


Symbol 


Element 


Atomic 


Valency 


Atomic Mass No. and 


Terrestrial 








wt.f 


diam 


(abundance) 


abundance, f[ 
















g /metric ton 


CD 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


1 

2 
3 


H 
He 


Hydrogen 
Helium 


1.008C 
4.003 


) 1 



3.0 


1(99.985), 2(0.0146) 
4(100), 3(1.3 X 10-4) 


1,300 

0.003 


Li 


Lithium 


6.940 


1 


3.13 


7(92.48), 6(7.52) 


65 


4 


Be 


Beryllium 


9.013 


2 


2.25 


9(100), 


6 
3 


5 


B 


Boron 


10.82 


3 




11(81.17), 10(18.83) 


6 
7 
8 


C 


Carbon 


12.011 


±4, 2 


1.54 


12(98.9), 13(1.1) 


320 


N 


Nitrogen 


14.008 


-3, 5, 2 


1.06 


14(99.635), 15(0.365), 


46.3 


O 


Oxygen 


16.0000 


-2 




16(99.76), 18(0.204), 


466,000 


9 
10 


F 

Ne 


Fluorine 
Neon 


19.00 
20.183 


-1 



1.36 
3.20 


17(0.039) 
10(100) 
20(90.92), 22(8.82), 


900 
7 X 10-s 


11 
12 


Na 
Mg 


Sodium 
Magnesium 


22.991 
24.32 


1 
2 


3.83 
3.20 


21(0.257) 
23(100) 
24(78.60), 26(11.29), 


28,300 
20,900 


13 

14 


Al 

Si 


Aluminum 
Silicon 


26.98 
28.09 


3 

4 


2.82 
2.34 


25(10.11) 
27(100) 
28(92.28), 29(4.67), 


81 ,300 
277,200 


15 


P 


Phosphorus 


30.975 


5, +3 


2.16 


30(3.05) 
31(100) 


1 , 180 


16 


S 


Sulfur 


32.066 


6, 4, -2 


2.12 


32(95.018), 34(4.215) 


520 


17 
18 


CI 
A 


Chlorine 


35.457 


±1,7,5 


1.94 


33(0.74), 36(0.016) 
35(75.4), 37(24.6) 


314 


Argon 


39.944 





3.82 


40(99.60), 36(0.337), 


0.04 


19 


K 


Potassium 


39.100 


1 


4.76 


38(0.060) 
39(93.1), 41(6.9), 


25,900 


20 


Ca 


Calcium 


40.08 


2 


3.93 


401(0.012) 
40(96.96), 44(2.06), 
42(0.64), 48(0.19), 


36,300 


21 


Sc 


Scandium 


44.96 


3 


3.20 


43(0.15), 46(0.0033) 
45(100) 


5 
4,400 


22 


Ti 


Titanium 


47.90 


4,3 


2.93 


48(73.45), 46(7.95), 














47(7.75), 49(5.51), 




23 
24 


V 
Cr 


Vanadium 
Chromium 


50.95 
52.01 


5, 4, 2 

6, 3, 2 


2.71 
2.57 


50 (5.34) 
51(99.76), 50(0.24) 
52(83.76), 53(9.55), 


150 
200 


25 
26 


Mn 


Manganese 


54.94 


7, 4, 2, 6, 3 


2.5 


50(4.31), 54(2.38) 
55(100) 


1,000 


Fe 


Iron 


55.85 


3, 2 


2.52 


56(91.64), 54(5.81), 


50,000 


27 
28 


Co 

Ni 


Cobalt 
Nickel 


58.94 
58.69 


3, 2 
2, 3 


2.50 
2.49 


57(2.21), 58(0.34) 
59(100) 
58(67.76), 60(26.16), 

62(3.66), 61(1.25), 


23 
80 


29 
30 


Cu 
Zn 

Ga 
Ge 


Copper 
Zinc 

Gallium 
Germanium 


63.54 
65.38 

69.72 
72.60 


2, 1 
2 

3 
4 


2.551 
2.748 


64(1.16) 
63(69.09), 65(30.91) 
64(48.89), 66(27.81), 

68(18.61), 67(4.07). 


70 
132 






31 
32 


2.7 
2.788 


70(0.620) 
69(60.2), 71(39.8) 
74(36.74), 72(27.37), 


15 

7 














70(20.55), 76(7.67), 




33 


As 


Arsenic 


74.91 


5, ±3 


2.50 


73(7.61) 
r5(100) 


5 
0.09 


34 


Se 


Selenium 


78.96 


6, 4, -2 


2.32 


80(49.82), 78(23.52), 














82(9.19), 76(9.02), 




35 


Br 


Bromine 


79.916 


±1,5 


2.26 ' 


77(7.58), 74(0.87) 
79(50.5), 81(49.5) 


1.62 
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Table 7b-3. Properties of Elements* (Continued) 







I 










Terrestrial 


z 


Symbol 


Element 


Atomic 
wt.f 


Valency 


Atomic 
diam 


Mass No. and &hund&nce>% 
(abundance) g/ton 


(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


36 


Kr 


Krypton 


83.80 





4.0 


84(56.90), 86(17.37), 
82(11.56), 83(11.55), 
80(2.27), 78(0.354) 


9.8- 10-« 


37 


Rb 


Rubidium 


85.48 


1 


5.02 


85(72.15), 87(27.85) 


310 


38 


Sr 


Strontium 


87.63 


2 


4.29 


88(82.56), 86(9.86), 
87(7.02), 84(0.56) 


300 


39 


Y 


Yttrium 


88.92 


3 


3.62 


89(100) 


28.1 


40 


Zr 


Zirconium 


91.22 


4 


3.19 


90(51.46), 94(17.40), 
92(17.11), 91(11.23), 
96(2.80) 


220 


41 


Nb 


Niobium 


92.91 


5, 3 


2.94 


93(100) 


24 


42 


Mo 


Molybdenum 


95.95 


6, 3, 5 


2.80 


98(23.75), 96(16.5), 
92(15.86), 95(15.7), 
100(9.62), 97(9.45), 
94(9.12) 


15 


43 


To 


Technetium 


(99) 


7 








44 


Ru 


Ruthenium 


101.1 


3, 4, 6, 8 


2.67 


102(31.34), 104(18.27), 
101(16.98), 99(12.81), 
100(12.70), 96(5.7), 
98(2.22) 


0.004 


45 


Rh 


Rhodium 


102.91 


3,4 


2.7 


103(100) 


0.001 


46 


Pd 


Palladium 


106.7 


2, 4 


2.745 


106(27.2), 109(26.8), 
105(22.6), 110(13.5), 
104(9.3), 102(0.8) 


0.010 


47 


Ag 
Cd 


Silver 


107.880 


1 


2.883 


107(51.35), 109(48.65) 


0.10 


48 


Cadmium 


112.41 


2 


3.042 


114(28.86), 112(24.07), 


0.15 














111(12.75), 110(12.39), 
















113(12.26), 116(7.58), 
















106(1.215), 108(0.875) 




49 


In 


Indium 


114.76 


3 


3.14 


115(95.77), 113(4.23) 


0.1 


50 


Sn 


Tin 


118.70 


4, 2 


3.164 


120(33.03), 118(23.98), 
116(14.07), 119(8.62), 
117(7.54), 124(6.11), 
122(4.78), 112(0.90), 
114(0.61), 115(0.35) 


40 


51 


Sb 


Antimony 


121.76 


3, 5 


3.228 


121(57.25), 123(42.75) 


1 


52 


Te 


Tellurium 


127.61 


4, 6, -2 


2.9 


130(34.46), 128(31.72), 
126(18.72), 125(7.01), 
124(4.63), 122(2.49), 
123(0.89), 120(0.091) 


0.002 


53 


I 


Iodine 


126.91 


-1,5,7 


2.7 


127(100) 


0.3 


54 


Xe 


Xenon 


131.3 





4.4 


132(26.96), 129(26.44), 
131(21.17). 134(10.44), 
136(8.95), 130(4.07), 
128(1.90), 124(0.094), 
126(0.088) 


1.2 • 10-« 


55 


Cs 


Cesium 


132.91 


1 


5.40 


133(100) 


7 


56 


Ba 


Barium 


137.36 


2 


4.48 


138(71.66), 137(11.32), 
136(7.81), 135(6.59), 
134(2.42), 130(0.101), 
132(0.097) 


250 


57 


La 


Lanthanum 


138.92 


3 


3.741 


139(99.91) 
138(0.089) 


18.3 


58 


Ce 


Cerium 


140.13 


3, 4 


3.64 


140(88.48), 142(11.07), 
138(0.250), 136(0.193) 


46.1 
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z 


Symbol 


Element 


Atomic 
wt.f 


Valency 


Atomic Mass No. and 
diam (abundance) 


Terrestrial 
abundance, t 
















g/ton 


w 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


59 


Pr 


Praesodymium 


140.92 


3 


3.65 


141(100) 


5.53 
23.9 


60 


Nd 


Neodymium 


144.27 


3 


3.63 


142(27.13), 144(23.87), 














146(17.18), 143(12.20) 
















145(8.30), 148(5.72), 
















150(5.60) 




61 


Pm 
Sm 


Promethium 
Samarium 


(145) 
150. 43 


3 
3 






? 
6.47 


62 


152(26.63), 154(22.53), 














147(15.07), 149(13.84), 
















148(11.27), 150(7.47), 
















144(3.16) 




63 

64 


Eu 
Gd 


Europium 
Gadolinium 


152.0 
156.9 


3, 2 
3 


4.08 
3.59 


153(52.23), 151(47.77) 
158(24.78), 160(21.79), 
156(20.59), 157(15.71), 
155(14.78), 154(2.15), 
152(0.20) 


1.06 
6.36 


65 


Tb 


Terbium 


158.93 


3 


3.54 


159(100) 


0.91 


66 


Dy 


Dyprosium 


162.46 


3 


3.54 


164(28.18), 162(25.53), 
163(24.97), 161(18.88), 
160(2.294), 
158(0.0902), 


4.47 


67 


Ho 


Holmium 


164.94 


3 


3.52 


156(0.0524) 
165(100) 


1. 15 


68 


Er 


Erbium 


167.2 


3 


3.50 


166(33.41), 168(27.07), 
167(22.94), 170(14.88), 


2.47 


69 
70 


Tm 
Yb 


Thulium 
Ytterbium 


168.94 
173.04 


3 
3, 2 


3.48 
3 87 


164(1.56), 162(0.1) 
169(100) 
174(31.84), 172(21.82), 

173(16.13), 171(14.26), 

176(12.73), 170(3.03), 

168(0.14) 


0.20 
2.66 


71 


Lu 


Lutetium 


174.99 


3 


3.47 


175(97.5), 176(2.5) 


0.75 


72 


Hf 


Hafnium 


178.6 


4 


3.17 


180(35.11), 178(27.10), 
177(18.47), 179(13.85), 
176(5.30), 174(0.18) 


4.5 


73 


Ta 


Tantalum 


180.95 


5 


2.94 


181(100) 


2. 1 


74 


W 


Wolfram 


183.92 


6 


2.82 


184(30.68), 186(29.17), 
182(25.77), 183(14.24), 


69 


75 
76 


Re 
Os 


Rhenium 
Osmium 


186.31 
190.2 


7,4, -1 
4, 6, 8 


2.75 
2.70 


180(0.122) 
187(62.93), 185(37.07) 
192(41.0), 190(26.4), 
189(16.1), 188(13.3), 
187(1.64), 186(1.59), 


0.001 
0.005 


77 


Ir 


Iridium 


192.2 


3, 4, 6 


2.709 


184(0.018) 
193(61.5), 191(38.5) 


0.001 


78 


Pt 


Platinum 


195.23 


4, 2 


2.769 


195(33.7), 194(32.8), 
196(25.4), 198(7.23), 


0.005 


79 
80 


Aii 
Hg 


Gold 
Mercury 


197.0 
200.61 


3, 1 
2, 1 


2.878 
3.10 


192(0.78), 190(0.012) 

197(100) 

202(29.80), 200(23.13), 
199(16.84), 201(13.2), 
198(10.02), 204(6.85), 


0.005 
0.5 


81 


Tl 


rhallium 


204.39 


1, 3 


3.42 


196(0.15) 
205(70.5), 203(29.5) 


3 


82 


Pb 


l»ead 


207.21 


2, 4 


3.49 


208(52.3), 206(23.6) 
207(22.6), 204(1.5), 
202 ( <0.0004) 


16 
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Table 7b-3. Properties of Elements* (Continued) 

















Terrestrial 


z 


Symbol 


Element 


Atomic 
wt.f 


Valency 


Atomic 
diam 


Mass No. and 
(abundance) 


abundance, If 
g/ton 


n> 


(2) 


(3) 


(4) 


(5) 


(6) 


(7) 


(8) 


83 


Bi 


Bismuth 


209.00 


3, 5 


3.64 


209(100) 


0.2 


84 


Po 


Polonium 


(210) 


2, 4 




210* 


3 X 10-™ 


85 
86 


At 
Rn 


Astatine 
Radon 


(210) 
(222) 






206$, 215$ 









222 $ 




87 


Fr 


Francium 


(223) 


1 




223 $ 




88 


Ra 


Radium 


226.05 


2 




226.J 228$, 224$, 223$ 


13 X 10-« 


89 


Ac 


Actinium 


(227) 


3 




227.J 228$ 


3 X 10- 1 " 


90 


Th 


Thorium 


232.05 


4 


3.6 


232$(100) 


11.5 


91 


Pa 


Protactinium 


(231) 


5 




231$ 


8X10 7 


92 


U 


Uranium 


238.07 


6, 5, 4, 3 


3.0 


238$(99.28) 235$(0.715) 
234$(0.0058) 


4 


93 


Np 


Neptunium 


(237) 


6, 5, 4, 3 




2374 239$ 




94 


Pu 


Plutonium 


(242) 


6, 5, 4, 3 




2384 239$ 




95 


Am 


Americium 


(243) 


3 




241$ 




96 


Cm 


Curium 


(243) 


3 




242$ 




97 


Bk 


Berkelium 


(245) 


4, 3 




243$ 




98 


Cf 


Californium 


(246) 


3 




244$ 




99 
100 
101 


E 

Fm 

Mv 


Einsteinium 

Fermium 

Mendelevium 








253$ 










256$ 















* Much of the material in this table was taken from Henry D. Hubbard and William F. Meggers- 
"Key to Periodic Chart of the Atoms," 1950. Courtesy of W. M. Welch Manufacturing Company, 
Chicago. 

f E. Wichers, /. Am. Chem. Soc. 76, 2033 (1954). 

$ Radioactive isotope. , TT _ TT „ , , , D , oa KQ 

\ For more recent values of abundances see H. E. Suess and H. C. Urey, Revs. Modern Phys. 28, 53 

(1956). 



7c. The Electronic Structure of Atoms 



Explanation of Table 7c-l. column (3) : Electronic structure of the ground state 
Rare-gas shells and similar closed shells are indicated by appropriate symbols and only 
the electrons outside them given explicitly. All structures are based on spectroscopic 
evidence except in a few cases (e.g., Fr, At) where there is no reasonable doubt about 
predictions. 

The electron printed in boldface when removed produces the ground state of the 
ion. Where the other electrons are rearranged in the ion this is indicated in a footnote 

column (4) : Ground state of atom. 

column (5): First ionization potential of atom (in electron volts). 1 

column (6) : Ground state of ion. For electron configuration of ion, see column (3) 

column (7): Second ionization potential (ionization potential of singly ionized 
atom) in electron volts. 

column (8): Resonance potentials (see below). 

column (9): Resonance lines (see below). 

resonance potentials and resonance lines: The resonance potential is the 
energy (m electron volts) required to raise an atom from the ground state to the 
lowest excited state. The resonance line is the spectrum line absorbed or emitted in 
this or the reverse transition. There is a clear and unambiguous situation with regard 
to resonance lmes and potentials for atoms with simple structure such as the alkalies 
For more complicated atoms the matter needs further amplification. 

A line is not considered a resonance line if the excited state has the same parity as 
the ground state and thus the transition is forbidden as a dipole transition If the 
line is allowed as a dipole transition but very weak, i.e., if it violates an approximate 
dipole-selection rule (usually the spin-selection rule AS = 0), it is called subreso 
nance line r The resonance line R proper is the first line allowed by all the selection 
rules. Both R and r then are given in such cases. For the heavy elements r may be 
very strong. J 

The resonance potentials are in general those corresponding to the lines with one 
exception. If there is a lower state than that of the first resonance line for which 
transitions to the ground state are forbidden by the /-selection rule (but allowed by 
the parity rule) this state is metastable. It may, however, often be excited by direct 
electron collisions and the excitation potential for this state is given as first resonance 
potential followed by a letter m. There is no observed resonance line corresponding 
to this transition. An asterisk on the second resonance potential indicates that the 
corresponding lme is that also marked with an asterisk. 

A C preceding column (8) means that there are states of the same parity as the 
ground state between it and the first resonance state. These often belong to the 
electron configuration of the ground state. A C is not listed if these states are merely 
additional levels of the ground-state multiplet. 

* For conversion from wave numbers into electron volts or vice versa, see Table 7a-2. 
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ATOMIC AND MOLECULAR PHYSICS 

Table 7c-1. Electronic Structure of Atoms 



l 

2 
3 
4 
5 



10 
11 
12 
13 
14 
15 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 



30 

31 

32 

33 

34 

35 

36 

37 

38 

39 

40 

41 

42 

43 

44 

45 

46 

47 

48 

49 

50 

51 

52 

53 

54 

55 

56 



El. 



(2) 



H 

He 

Li 

Be 

B 

C 

N 



F 

Ne 

Na ■• 

Mg 

Al 

Si 

P 

S ' 

CI 

A 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Ki- 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

To 
Ru 
Rh 
Pd 
Ag 
Cd 
In 



Te 

I 
Xe 



Ground 
state 



(3) 



Is 

l*a 

[He]2* 

— 2s2 , 

-2s22i> 

~-2rf»2p* 

-r2s22j) 4 
— 2s22p6 
— 2s22p» 
fNe]3s" 
-3«2 
— 3s23p 
— 3s23p2 
— 3$23p3 
— 3s23p* 
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* Data taken from current literature. Use has been made of Moore, "Atomic Energy Levels,' 
sonian Physical Tables," 9th ed. 

6 Normal state of ion — 3d*. 
e Normal state of ion — 3d 8 . 
d Normal state of ion — 3d*. 
6 Normal state of ion — 5d*. 

* Normal state of ion — 4/26*. 
Normal state of ion — 4/ 6 6s. 

* Structure of closed shells (Xe]4/ 14 5<*i . 
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7d. Structure of Atomic Spectra 



7d-l. General Structure of Spectra. There are three types of atomic spectra 
with many intergradations. The simplest type is the so-called series spectrum, in its 
simplest form due to one valence electron (example Na, but the spectra of He, Ca, Cu, 
etc., belong here in large part). These spectra are characterized by simple Rydberg 
series, each often containing many members, but the spectrum on the whole is not 
rich in lines. The structure is apparent and can easily be analyzed. The levels are 
single, double, or triple but very rarely of higher multiplicity. 

The second type of spectrum is typified by the so-called multiplet structure which 
is based on the L, S coupling scheme. The most prominent lines usually can readily 
be recognized as transitions between two multiple levels, with multiplicities up to 
11 actually being found. Recognition of this type of structure first became possible 
in the early 1920s with the advance of the quantum theory of atomic structure. 
Zeeman effects follow a simple pattern (see Sec. 7m) and are very helpful for the 
analysis. Typical examples are Fe and other elements of the iron group. The spec- 
tra of these are much richer in lines than the spectra of the first type. The analysis, 
while considerably more laborious than that of the series spectra, can usually be 
accomplished with a reasonable effort. Some regularities usually can be imme- 
diately recognized. 

The third type, of which the spectra of the rare earths and of the actinides furnish 
typical examples, has no immediately discernible regularities. The spectra are 
extremely rich in lines, with no particular groups standing out. If one still can speak 
of multiplets, they have no regular structure and the Zeeman effects follow no simple 
rule; although very useful. They are much more difficult to interpret than the pre- 
vious types. Only a very small fraction of this kind of spectrum has so far yielded to 

analysis. 

Analysis of a spectrum means determining the energy levels which are responsible 
for the spectrum lines. Besides the magnitude of the energy level [now usually 
expressed in wave numbers (cm" 1 ) above the ground level of the atom] it is important 
to know the identity of the level, i.e., the set of quantum numbers that characterize it. 

Each electron has in the first place a principal quantum number n and an azimuthal 
quantum number I. The latter is identical with the orbital angular momentum 
expressed in units h. The value of the principal quantum number is expressed by an 
integer and that of the azimuthal quantum number by a letter symbol according to 
the following key: 

l(ovL) 12 3 4 5 6 7 8 

spdfghikl 
or S P D F G H I K L 

etc., in alphabetical sequence. Lower-case letters are used if the symbol refers to a 
single electron, capital letters when it refers to a configuration (resultant of several 
electrons). For the description of the optical spectra only the electrons outside a 
closed shell need to be specified. These are often, although somewhat loosely, called 
valence electrons, 
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Each electron, besides the quantum numbers n and I, has a spin which always has 
the value s ■ = T (agam in units h). Quantum numbers s and I form a resultant j 
(total angular momentum) which can have the two values I + £ and Z - 4 (except 
for 1=0; then / = £). Finally the orientation of the plane of the orbit may be 
specified by the projection m of j on a fixed axis. Usually the z axis, considered vertical 
is taken as this fixed axis. The number m can have all values from -j to -W in* 
integer steps. The four quantum numbers n, I, j, m, or an equivalent set, are sufficient 
for the characterization of the energy levels of a single electron. In this case in 
the absence of external fields, the three angular momenta specified by I, j, and mare 
constants of the motion (in more precise quantum-mechanical terminology they 
commute with each other and the Hamiltonian) and, therefore, have definite values 
If there are several valence electrons it might be thought appropriate to specify 
the values of n, I, j, m for each electron. This, however, is not particularly useful- 
because of the interaction between the electrons, the angular momenta of the indi- 
vidual electrons no longer are constants of the motion and, therefore, have no definite 
values. On the other hand, the total angular momentum J of a free atom is always a 
constant of the motion and has a definite value regardless of the internal forces in the 
atom. The same is true of M, the projection of J on a fixed axis (tile a axis), which is 
constant even if the atom is in a constant electric or magnetic field parallel to the 
z axis. / and M, therefore, are appropriate quantum numbers for any state of the 
atom, but by themselves not enough to characterize it. 

The other quantum numbers necessary for defining a level are usually arrived at 
by leavmg out certain interactions between the various electrons. They have then 
a definite physical meaning and in most cases give the magnitude of certain angular 
momenta. If the omitted interactions are reinstated the quantum numbers lose their 
physical significance but still may be used to label the particular level. If the inter- 
action is relatively small the quantum numbers still have approximately their original 
physical significance. The interactions within an atom are often called couplings 
and m the treatment of atomic levels and states certain types of couplings can often 
be neglected with respect to others. This leads to different types of coupling schemes 
which differ by the particular interactions that are neglected in first approximation 
7d-2. Russell-Saunders Coupling. The most important coupling scheme and the 
only one suitable for an elementary discussion is the so-called Russell-Saunders 
coupling scheme, also called L, S coupling. The fundamental interactions within 
an atom are the electrostatic repulsion between the individual electrons, the magnetic 
interaction between spin and orbit, and the magnetic interaction between the indi- 
vidual spins. Interactions with the nuclear spin are ordinarily of much smaller 
magnitude and usually can be disregarded. 

In the L, S coupling the magnetic spin-orbit interaction is disregarded in first 
approximation. Then the total orbital angular momentum L and the total spin S 
are completely independent of each other and both are constants of the motion This 
is often expressed by saying that L and S are "good " quantum numbers. The char- 
acterization of the individual electrons by their values of m and U is retained. For 
two electrons the possible values of L and S are 

\h-M <L <h+l 2 (7d _ 1} 

«i — s 2 = < S < 8i + S2 = 1 as always, s* = -J- (7d-2) 

The case for more than two electrons can easily be derived by applying the above rules 
for quantum-vector addition repeatedly. By the same rule the total angular momen- 
tum J which is the vector resultant of L and S has the possible values 

\L — S\ <: / < L + S in integer steps (7d-3) 
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If L > S this gives 23 + 1 different J values for a given value of L and S (if L < S 
this number is 2L + 1). 2S + 1 is called the multiplicity of the levels (even if L < S). 
It is an odd number if £ is an integer and this is the case for an even number of elec- 
trons and the multiplicity is an even number for half integer values of S (odd number 
of electrons). As long as the spin^orbit interaction is disregarded all 2S + 1 (or 
21/ + 1, respectively) levels belonging to a fixed L and S have the same energy. If 
this interaction is not exactly zero the 2S + 1 coinciding levels will split and we have 
a multiplet. In specific cases they are called singlets (2S + 1 = 1), doublets (2), 
triplets (3), quartets (4), quintets (5), sextets (6), etc. 

Note that, for instance, a septet level is only sevenfold if L > S or as S = 3 only 
for IF or higher levels. The S, P, D levels have one, three, and five components, 
respectively. 

7d-3. L, £ Notation* A particular level is now designated by the n and I values 
of the individual valence electrons, the resultant L of the whole configuration, the 
value of the multiplicity 2S + 1 as an anterior superscript, and the value of J as a 

subscript. 

One very important property of atomic-energy levels is called parity. A level is 
called even when the sum of the I values of all electrons outside a closed shell is even, 
odd if this sum is odd. It is obvious that, to determine this, it is only necessary to 
count the electrons with odd values of I— i.e., p and / electrons— as h (I = 5) or higher 
electrons virtually never occur. States can be called strictly even or odd only as long 
as there is a center of symmetry. 

In many tabulations the odd levels are distinguished by a superscript °, e.g., 3 F° 2 . 
Often the odd energy levels are printed in italics to distinguish them from the even 

ones. 

An example is SsSpSdld Wa meaning L = 3, S = 2, J = 4. Equivalent electrons 
are electrons having the same n and I. Their number is indicated by an exponent 
instead of > the repetition of the symbol, thus 3d 4 instead of SdSd3dZd. 

Limit of the Quantum Numbers. Once the number and type of valence electrons 
are specified the possible values of L, S, and J can easily be found. 

The maximum value of L is for n electrons 

the minimum value is the smallest number that can be obtained by combining the U 
as vectors. The same is true for the values of S and the resulting multiplicities. 
Table 7d-l lists the possible multiplicities for up to 10 valence electrons. 

Table 74-1. Possible Multiplicity with n Electrons outside a Closed Shell 
Y 1 '. 2 

2 1 3 

3 2 4 

4 1 3 5 

5 2 4 6 

6 1 3 5 7 

7 2 4 6 8 

8 1 3 5 7 9 

9 2 4 6 8 10 

10 1 3 5 7 9 11 

If the electrons are equivalent, use Table 7d-3, and add one for each nonequivalent electron added. 

With L and S given, the possible / values are indicated by (7d-3). Table 7d-2 lists 

the / values for all multiplets likely to occur in all but the most complicated spectra. 

Each multiplet state is 2J 4- 1 fold degenerate. This degeneracy can be partly or 
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Table 7d-2. / Values for Multiplets 
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Table 7d-2. J Values for Multiplets {Continued) 





S = 
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2 


3 


4 


5 


i 

"2 


i4 


24 


o 2 


44 


Term 


L 


Multiplicity (2S + 1) 






























1 


3 


5 


7 


9 


11 


2 


4 


6 


8 


10 


/ 
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3 


2 
3 
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34 
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34 
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4 


4 
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44 


44 
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5 


5 


5 
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10 
11 


10 
11 
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10 
11 
12 
13 






104 


104 
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104 

114 
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completely removed by an external field, which thus makes each level split into a 
maximum of 2 J + 1 components (see Zeeman effect in Sec. 71). 

7d-4. Equivalent Electrons. When equivalent electrons are involved the Pauli 
exclusion principle limits the number of possible states. Table 7d-3 gives a list of 
possible states for any number of equivalent electrons. 

7d-5. Selection Rules. Not all transitions between levels are possible. Rules, 
derived from quantum mechanics and amply confirmed by experience, state which 
transitions are allowed and which are forbidden, these are called selection rules. In 
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Table 7d-3. Atomic Levels of n Equivalent Electrons 
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p or p & 




2 P 






p 2 or p 4 


*SD 




3p 




p 3 




2 PZ) 


4 S 




dor d 9 




2 D 






d 2 or d* 


l SDG 




3 p F 




d* or d 7 




2 PDFGH 

2 


4 p F 




d 4 or d 6 


*SDFGI 


*PDFGH 


5 D 




22 2 




2 2 




d* 




2 SPDFGHI 

3 22 


4 PDFG 


6 S 


f or p* 




2 F 






P or p 2 


l SDGI 




*PFU 




p 0T pi 




*PDFGHIKL *SDFGl 








2 22 2 






P or p° 


l SDFGHIKLN 


*PDFGHIKLM 


6 &DFGI 




2 4 4 2 


3 2 


3 24 342 2 




P or P 




2 PDFGHIKLMNO *SPDFGHIKLM «PFH 

45767553 2 2344332 


P or p 


l SPDFGHIKLMNQ 


*PDFGHIKLMN0 


*SPDFGHIKL *F 




4 648 47 34 2 2 


6 5 9796 6 3 3 


32322 


f 1 




2 SPDFGHIKLMNOQ *SPDFGHIKLMN *PDFGHI 8 S 

25710109975 4 2 226575533 



A number under a term symbol indicates the number of different levels of this type. The lowest 
level is normally that with the highest L of the highest multiplicity (Hund's rule). It is indicated in 
bold type. 



applying selection rules one must realize that almost all of them are valid only as 
long as the assumptions necessary for their derivation remain valid. Therefore, some 
selection rules are much stricter than others. The principal selection rules for atoms 
are as follows: 

Electric-dipole radiation. These are the most important and are based on the 
assumption that the radiation field around an atom can be considered with good 
approximation as the field of a vibrating electric dipole. In the optical region radia- 
tion that is not electric-dipole radiation is ordinarily at least 10 6 times weaker. 

The chief selection rules for dipole radiation for L, S coupling are : 

parity rule: Only odd—* even or even — ► odd transitions are allowed. This rule 
is based on the presence of a center of symmetry and is strictly valid as long as there 
are no external electric fields. For quadrupole radiation just the opposite rule applies. 

To be allowed, a transition must satisfy the following conditions. 
J rule : 

A/ = + 1 (0 -> is forbidden) 

This rule is valid as long as / is a constant of motion, that is, in the absence of external 
fields. If there is a nuclear spin, the total quantum number F which includes the 
nuclear spin is strictly a constant of the motion and the J rule applies to F instead of J. 
The lines due to violations of the / rule because of nuclear spin are very weak, how- 
ever. Strong external electric or magnetic fields, on the other hand, can produce 
prominent violations of the J rule. 
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S rule: 

AS = 

This rule applies only as long as S is a constant of the motion, i.e., as long as extreme 
L, S coupling applies. Spin-orbit interaction will cause deviations from the rule. 
These same interactions also cause the splitting of the multiplet components. Very 
narrow multiplets mean, therefore, that the S rule is good, wide multiplets that it is 
poor. The former happens chiefly for the light elements, the latter for the heavy 
elements. A magnetic field also can cause violations of the rule. 
L rule: 

AL = ± 1 (0->0 excluded) 

The validity of this rule is also dependent on how well L, S coupling is realized. For 
moderate multiplet widths, lines with larger changes in L than ± 1 are found but are 
progressively weaker as the change in L becomes larger. Strong electric fields can 
cause violations. 

The L rule combined with the parity rule excludes AL = for one electron spectra. 
M rule: 

AM = + 1 

is valid to the same extent as the / rule but is also valid in a homogenous external 
electric or magnetic field. This rule is of importance only in the presence of external 
fields. For details, see Zeeman effect. 

7d-6. Interval and Intensity Rules. The interval rule states that the separation 
between neighboring multiplet components in the same multiplet is proportional to 
the larger of the two J values. 

Examples. 3 P; the J values are 0, 1, 2. The intervals (0, 1) and (1, 2) are in the 
ratio 1:2. 

8 D, / values (Table 7d-2) f , f , £, f , ^ ratio of the separations as 5 : 7 : 9 : 1 1 . 

In general we can say that the separation between multiplet components J and 
/ + 1 is 

E = a(J + 1) 

where a is a constant for the same multiplet but varies from multiplet to multiplet. 
To calculate the value of a details of the orbits must be known. For a one-electron 
spectrum (doublets) the constant a is 

2 2D z * 

a = x a 2 R 



3 nH(l + 1) 

where a is the fine-structure constant, R the Rydberg constant, and Z the nuclear 
charge. We see that the doublet separation diminishes with n as 1/n 3 and with I as 
1/1(1 + 1). The expression is valid, however, only when the deviations from a 
Coulomb force field are small. 

For elements on the left side of the periodic system, the constant a is positive, which 
means that the levels with the lower / values have the lower energy. Such multiplets 
are called regular multiplets. On the right side of the periodic system the situation is 
the opposite and we have inverted multiplets. In the middle the situation is often 
confused. 

The interval rule holds only as long as L, S coupling is valid and is very sensitive 
for even small deviations from L, S coupling. 
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Multiplet Intensities. The relative intensities in a multiplet (or rather the line 
strengths) can easily be computed for L, S coupling. They are valid to the extent 
that L, S coupling is a good approximation 



Transition 


J- 


-1- 


>J 


J- 


>/- 


-1 


J- 


>/ 




J- 
J- 


-1- 


:i) 


J- 


>/ 





Lr^L-l 

A 
A 

L-+L 7iTrl B 

B 



Line Strength 
(J+S-L)(J+S-L+1)(L+S-J)(L+S-J+1) 

4/ 
(J+L-S-1)(J+L-S)(J+L+S + 1)(J+L+S) 

AJ 
(2J+1)(J+L+S+1)(J+L-S)(J+S-L+1)(L+S-J) 

4J(J + 1) 
(J+L+S+1)(J+L-S)(J+S-L)(L+S+1-J) 

4/ 
(2/+l)[/(/+D+L(L+l)->S(>S+l)] 2 
4/ (J + 1) 



The arrows in the transitions may be reversed without affecting the line strength. 

The constants A and B are constant in one multiplet but differ from multiplet to 
multiplet. Tables of the numerical values of the multiplet strength are found in 
Condon and Shortley (1935), pp. 241-243. 1 Similar formulas for quadrupole transi- 
tions are in Condon and Shortley (1935), p. 253. 

Present status of analysis of atomic spectra. This is shown in Table 7d-4. This 
table shows the present status and the progress made since 1932. It should be kept in 
mind that even in most spectra marked A the analysis is not anywhere near complete. 



7e. Energy-level Diagrams of Atoms 



A number of energy-level diagrams are represented in Figs. 7e-l through 7e-14. An 
attempt has been made to select typical cases which show characteristic features 
derived from optical spectra, The following comments may be helpful: 

In almost all cases the energy levels have been arranged according to the Russell- 
Saunders scheme, also called L, S coupling (see Sec. 7d). This means that each level 
is characterized by the total orbital angular momentum L and the resultant spin S or 
rather the multiplicity 2S + 1 [1 for singlets (S = 0), 2 for doublets (S = |), 3 for 
triplets (S = 1), etc.]. Each level characterized by L and S is broken up into 2S + I 
or 2L + 1 multiplet components, whichever is the smaller number, each component 
being characterized by its total angular momentum quantum number J. The 
possible values of / are shown in Table 7d-2. 

The scale of the figures usually does not permit showing the individual multiplet 
components. However, the total width is indicated unless it is no greater than the 
thickness of the line. 

Even levels are shown by entire lines or blocks, odd levels by broken ones. When 
an entire column has the same parity, as in the simple spectra, the odd parity is indi- 
cated by the term symbol at the bottom of the column in the usual way, e.g., 3 F°. 



1 Taken from White and Eliason, Phys. Rev. 44, 753 (1933). 
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The horizontal line across the whole width of the diagram is at the first ionization 
potential. This is indicated by the term symbol for the ground state of the ion. In 
some cases higher ionization potentials are also indicated. 

The electron configuration is given by symbols explained with each individual 
diagram. 

Transitions which correspond to spectrum lines are left out in order to avoid con- 
fusion except for the important lowest transitions which often give rise to the strongest 
lines. The resonance line R is the lowest transition to the ground state allowed by 
the selection rules of L, S coupling, which are change of parity, no change in multiplicity 
(AS = 0), and A J = ± 1. The subresonance line r is a line from a lower level than 
that responsible for the resonance line; it obeys the same selection rules except AS = 0. 
It is usually very weak for the lighter atoms but may be quite strong for the heavier 
elements (e.g., 2,537 of Hg). 

There may be lines from even lower levels than the resonance line R or the sub- 
resonance line r but these would be forbidden lines violating either the parity rule or 
the A J rule. Such lines are ordinarily much weaker (often of the order of 10 6 times) 
than the allowed lines and are found only under special conditions of observation. 
The spectra represented in the figures are given in Table 7e-l. 

Table 7e-l. Spectra Represented by Figs. 7e-l through 7e-14 



z 


Element 


Figure 


2 


He I 


7e-l 


6 


CI 


7e-2 


7 


NI 


7e-3 


8 


01 


7e-4 


11 


NaT 


7e-5 


13 


All 


7e-6 


17 


CI I 


7e-7 


18 


AI 


7e-8 


20 


Cal 


7e-9 


25 


Mn I 


7e-10 


26 


Fell 


7e-ll 




Fel 


7e-12 


29 


Cul 


7e-13 


80 


Hg'I 


7e-14 



Further diagrams of simple spectra are found in Grotrian (1928). 
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Fig. 7e-l. Energy-level diagram of He I — simplest atom with two valence electrons. 



The 



wavelengths of the principal lines are indicated. 
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excited states are 2a 2 2p • nx. The orbit nx of the last electron only is indicated in the 
figure except where one of the 2* electrons is excited, as, for instance, 2s2p 3 . The import- 
ant forbidden lines are indicated. 
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Fig. 7e-3. Energy-level diagram of N I— five valence electrons, normal state 2a*2p* 
Excited states are 2a*2p* • nx, nx being indicated in the figure. When the 2« electron is 
excited the full configuration is given, e.g., 2s*2pK The important forbidden lines are 
indicated. 
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Fig. 7e-4. Energy-level diagram of O I — six valence electrons. Normal state is 2s 2 2p 4 
excited states are 2« 2 2p 3 • nx, nx being indicated in the figure. The important forbidden 
lines are indicated. 
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Fig. 7e-5. Energy-level diagram of Na I. Simple diagram typical for elements with one 
valence electron. The other alkalis have essentially the same scheme. 
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The primed levels converge to a higher ionization limit. 
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Fig. 7e-7. Energy-level diagram of CI I— seven valence electrons. Ground state is 3s 2 3p 5 , 
excited states Ss^p^nx, nx being indicated in the figure. 
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Fig. 7e-8. Energy-level diagram of A I — typical for the rare gases except helium. Levels 
3s 2 3p 5 • nx with nx indicated. L, S coupling is not appropriate here and therefore symbols 
like 3 P, etc., have no meaning. The primed levels converge to the higher ionization 
potential. See also Table 7g-3. 
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Fig. 7e-9. Energy-level diagram of Ca I, Characteristic for the elements in the second 
column of the periodic system. Ground state 4s 2 and regular excited states 4s nx are 
indicated only by the value of n in the appropriate column. Levels with both electrons 
excited are given at the right. 
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Z S Z P Z D 2 F 2 G 4 S 4 P 4 # F 4 G " H °S W P W D "F °S "P "D 
Fig. 7e-10. Energy-level diagram of Mn I. A typical element of the transition group. 
Seven valence electrons. Ground state 3d 5 4s 2 . This produces 16 multiplet levels of 
which only four ( 6 £, 4 P, *D, *G) are known. They are marked by an x. The other low 
states are 3rf 6 4s (s), 3d 6 4p (p), 3d 5 4s4p (sp), 3dHp* (p*) y 3d 7 (d 7 ). The symbol between 
parentheses indicates how the level is marked in the figure. If higher than 3d, 4s, 4p 
electrons are involved, the value of n is marked, e.g., 3d 5 4s5p (» bp) or 3d 6 4s4rf (s 4d). In 
general, the number of 3d electrons is left out in the figure (except for 3d 1 ). Compare 
Mn I with Fe II, which has the same number of electrons (Fig. 7e-ll). 
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Fig. 7e-ll. Energy-level diagram of Fe II. Fe II has the same number of electrons as 
Mn I and therefore the same type of levels. The relative position of the levels is, however, 
greatly changed by the increase in the nuclear charge. In general there is a tendency for 
levels containing Sd electrons to be lower than those with 4s or 4p electrons. The ground 
state is 3d 6 4«. There are 24 multiplet levels of this configuration, of which 23 are known 
(marked with x). The excited levels are marked as for Mn I. 
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The spectrum of Fe I is one of the best studied 
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Fig. 7e-12. Energy-level diagram of Fe I. 

and of particular importance because of the use of iron lines for wavelength standards and 
other applications (see Table 7g-6). Eight valence electrons, ground-state configuration 
3d 6 4s 2 , which gives 16 multiplet levels, of which 9 are known (marked x in the figure). 
Other configurations leading to low-lying levels are Sd 7 4s (s), 3d 6 4s4p (sp), 3d 8 (d 8 ), 3d 7 4p 
(p), Sd b 4sHp (s 2 p). If n values higher than for 3d, 4s, 4p are involved, they are indicated 
as, e.g., 3d 6 4«5s (s5«). 
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Fig. 7e-13. Energy-level diagram of Cu I. The arrangement of the outer electrons is 
3d 10 4s 2 £ in the ground state. If the 4s electron is excited the levels are very similar to 
those of an alkali as shown, e.g., in Fig. 7e-5. These regular levels are indicated at the 
left. If one of the 3d electrons is excited, levels of more complicated structure arise as 
indicated at the right. 











»D: 
ft). 






















































































































«SfT 




















= 




H 5d' 


■s- 














=:5s;" 

F=5s 










5s 




















.... 




rirf 


4f 










4p 
















5 










~ 




zzz 








IMI 




4p 








An 




























/ 






























3247, 

/I 


327 


'4 










4s 
















. 
































3g 3p0 3q 3p0 

Fig. 7e-14. Energy-level diagram of Hg I. This is the diagram of a typical two-electron 
spectrum with singlets and triplets. Because of the wide use of the mercury spectrum 
in many applications the wavelengths of many transitions are indicated. Singlet triplet 
transitions ar*» relatively strong. See also Tahl* 7g-7 and Fig. 7g-6. 



7f . Persistent Lines of the Elements 



Table 7f-l gives the strongest lines of each element and is useful for the spectroscopic 
identification of small traces of elements and spectrochemical analysis in general, 
when the elements in question occur in rather small concentrations. For the pro- 
cedure of routine quantitative analysis with larger concentrations, see the special 
literature. 

A selection of strong lines is given both from the spectrum of the neutral atom and 
from the spectrum of the singly ionized atom. The former are most prominent with 
mild excitation (d-c arc at atmospheric pressure, glow discharge in a gas at moderate 
pressure, microwave discharge). The lines of the ionized atoms appear with stronger 
excitation (condensed spark, discharge in a gas at very low pressure, etc.). The 
relative intensities even in the same spectrum may depend very pronouncedly on the 
discharge conditions so that what is indicated as the strongest line may be relatively 
weak at a particular condition. The two columns Strongest Line are taken from 
Meggers, "Smithsonian Physical Tables," 9th ed. (1954). Often they are identical 
with the resonance line given in Table 7c-l. In many cases the strongest line lies 
below 2,000 A, which region is less convenient because a vacuum spectrograph is 
needed. For the selection of other strong lines only those lying in the photographi- 
cally accessible region from 2,000 to 10,000 A have been considered and preference 
given to the most convenient region from 3,000 to 8,000 A. 

In general, wavelengths in Table 7f-l and other tables of this section are wavelengths 
in standard air for X > 2,000 A and in vacuum for X < 2,000 A. 
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Table 7f-l. Persistent Lines of the Elements 



Symbol 



Neutral atoms 



Strongest 
line 



Other strong lines 



Singly ionized 



Strongest 
line 



Other strong lines 



10 
11 
12 
13 
14 
If 
16 
17 
18 
19 
20 
21 
22 
23 
24 
25 
26 
27 
28 
29 
30 
31 
32 
33 
34 
35 
36 
37 



40 
41 
42 
43 
44 
45 
46 
47 
48 
49 
50 
51 
52 
53 
54 



H 

He 

Li 

Be 

B 

C 

N 



F 

Ne 

Na 

Mg 

Al 

Si 

P 

S 

CI 

A 

K 

Ca 

Sc 

Ti 

V 

Cr 

Mn 

Fe 

Co 

Ni 

Cu 

Zn 

Ga 

Ge 

As 

Se 

Br 

Kr 

Rb 

Sr 

Y 

Zr 

Nb 

Mo 

Tc 

Ru 

Rh 

Pd 

Ag 

Cd 

In 

Sn 

Sb 

Te 

I 

Xe 



1,215.66 
584.33 
6,707.85 
2,348.61 
2,497.73 
1,657.01 
1,134.98 
1,302.19 
954.80 
735.89 
5,889.95 
2,852.13 
3,961.53 
2,516.12 
1,774.94 
1,807.31 
1,347.2 
1,048.22 
7,664.91 
4,226.73 
5,671.80 
4,981.73 
4,379.24 
4,254.35 
4,030.76 
3,581.20 
3,453.50 
3,414.76 
3,247.54 
2,138.56 
4,172.06 
2,651.18 
1,890.43 
1,960.91 
1,488.4 
1,235.82 
7,800.23 
4,607.33 
5,466.47 
4,687.80 
4,058.94 
3,798.25 
3,636.10 
3,498.94 
3,434.89 
3,404.58 
3,280.68 
2,288.02 
4,511.32 
3,175.04 
2,068.38 
2,142.75 
1,830.4 
1,469.62 



6,562.85 
5,875.62 
6,103.64 
3,321.34 
2,496.78 
2,478.57 
4,109.98 
7,771.93 
6,856.02 
5,852.49 
3,302.32 
3,838.26 
3,944.03 
2,881.58 
2,535.65 
9,212.91 

8,115.31 
7,664.91 
4,454.78 
3,911.81 
3,653.50 
3,185.40 
4,274.80 
4,033.07 
3,719.94 
3,465.80 
3,492.96 
3,273.96 
3,345.02 
4,032.98 
3,039.06 
2,288.12 
2,039.85 

5,870.92 
7,947.60 
4,832.08 
4,674.85 
3,601.19 
4,079.73 
3,864.11 
4,297.06 
3,436.74 
3,396.85 
3,421.24 
3,382.89 
6,438.47 
4,101.77 
4,525.74 
2,175.89 
2,385.76 

4,671.23 



4,861.33 
3,888.65 



4,099.94 
7,774.14 
6,902.46 
6,402.25 
5,895.92 
3,832.31 
3,092.71 
2,528.52 
2,553.28 
9,228.11 

7,067.22 
4,044.14 
4,434.96 
3,907.48 



5,208.44 
4,034.49 
3,737.13 
3,529.81 
3,524.54 
5,218.20 
4,810.53 
2,943.64 
3,269.49 
2,349.84 
4,730.78 

5,570.29 
4,201.85 
4,872.49 
4,643.70 
3,547.68 
4,100.92 
3,902.96 
4,262.26 
3,596.18 
3,323.09 
3,634.70 
5,209.07 
3,610.51 
3,256.09 
2,839.99 
2,528.54 
2,383.25 

4,624.28 



7,775.43 

5,400.56 

3,829.35 
3,082.16 
2,506.90 

4,694.13 

6,965.43 
4,047.20 
4,425.44 
4,023.69 

5,206.04 

3,405.12 

5,153.24 
6,362.35 
2,874.24 
4,226.57 
9,626.70 
4,739.03 



4,215.56 
4,962.26 



3,519.61 
4,123.81 



5,465.49 

3,039.36 
3,262.33 
3,232.50 



303.78 
199.26 
3,130.42 
1,362.46 
1,335.71 
1,085.74 
834.47 
606.81 
460.73 
372.07 
2,795.53 
1,670.81 
1,817.0 
1,542.32 
1,259.53 
1,071.05 
919.78 
600.77 
3,933.67 
3,613.84 
3,349.41 
3,093.11 
2,835.63 
2,576.10 
2,382.04 
2,286.14 
2,216.47 
2,135.98 
2,025.51 
1,414.44 
1,649.26 
1,266.36 
1,192.29 
1,015.42 
917.43 
741.4 
4,077.71 
3,710.29 
3,391.98 
3,094.18 
2,816.15 
2,543.24 
2,402.72 
2,334.77 
2,296.53 
2,246.41 
2,144.38 
1,586.4 
2,152.22 
1,606.98 
1,161.52 
1,233.97 
1,100.42 



3,131.07 
3,451.41 
4,267.27 
5,679.56 



2,802.70 
2,669.17 



4,794.54 



3,630 
3,361 
3,102. 
2,843 
2,593 
2,395 
2,363 
2,287 
2,192 
2,061. 



4,704.86 



4,215.52 

3,600.73(?) 

3,438.23 

3,225.48 

2,848.23 

2,610.00 

2,945.67 



2,437.79 
2,265.02 



2,062.38 



2,836.71 
5,666.64 



2,816.18 



4,810.06 



3,179.33 
3,642.78 
3,372.80 
3,110.71 
2,849.84 
2,605.69 
2,404.88 

2,270.21 
2,247.00 



4,785.50 



4,374.94 
3,496.21 

2,871.51 
3,237.02(?) 



2,437.79 



5,464.61 



4,819.46 



3,158.87 



3,118.38 
2,855.68 



2,264.46 



4,816.71 



2, 890. J 
t 



2,246 



70 
71 
72 
73 
74 
' 75 
76 
77 
78 
79 
80 
81 
82 
83 
84 
85 
86 
87 
88 
89 
90 
91 
92 
93 
94 
95 
96 
97 



100 
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Table 7f-l. Persistent Lines of the Elements {Continued) 



Symbol 



Neutral atoms 



Strongest 
line 



Ba 

La 

Ce 

Pr 

Nd 

Pm 

Sm 

Eu 

Gd 

Tb 

Dy 

Ho 

Er 

Tm 

Yb 

Lu 

Hf 

Ta 

W 

Re 

Os 

Ir 

Pt 

Au 

Hg 

Tl 

Pb 

Bi 

Po 

At 

Rn 

Pr 

Ra 

Ac 

Th 

Pa 

U 

Np 

Pu 

Am 

Cm 

Bk 

Cf 

E 

Fm 



8,521.10 
5,535.55 
6,249.93 
5,699.23 
4,951.36 
4,924.53 

4,296.75 
4,594.02 
4,225.85 



Other strong lines 



5,675.83 
3,987.99 
4 



,518.57 
,682.24 
,647.47 
,008.75 
,460.47 
,909.06 
,543.97 
,659.44 
,427.95 
849.68 
350.46 
057.82 
067.72 
449.99 



1,786.07 
4,825.91 

5,915.40 



8,943.50 
5,777.67 
5,930.65 



4,627.12 



4,211.72(?) 
3,891.02(?) 



3,072.88 
3,311.16 
4,302.11 
3,464.73 
3,058.66 
3,220.78 
3,064.71 
2,675.95 
2,536.52 
3,775.72 
3,683.47 
2,897.98 



7,450.00 



2,743 



4,555.36 
5,519.12 
5,455.15 



4,045. 98(?) 



3,318.84 
4,294.61 
4,889.17 
4,420.47 
3,513.64 
2,830.30 

4,358.35 
3,519.24 
2,833.07 
4,722.55 



7,055.42 



4,593.18 
3,071.59 



5,270.95 



2,997.97 



5,460.74 
3,229.75 



Singly ionized 



Strongest 
line 



926.75 
4,554.04 
3,949.10 
4,186.60 
4,179.42 
4,303.57 
3,892.16 
3,568.27 
4,205.05 
3,422.47 



3,848.02 
3,694 20 
2,615.43 
2,641.41 
2,685.17 
2,204.49 



1,777.09 
1,740.47 
1,649.96 
1,908.64 
1,726.75 
1,902.41 



3,814.42 
4,019.14 
3,719.29 



Other strong lines 



4,934.09 

4,077.34 

4,040 76 

4,062.82 

4,177.32 

3,910.26 

4,424.34 

4,129.74(?) 

3,646.20 

3,874.18(7) 

4,000.45(7) 

2,936.77 

3,906.32(7) 

3,761.33(7) 

3,289.37 

2,911.39 

3,134.72 

3,613.79 
2,608.50 



2,802.19 



2,203.51 



4,682.28 

3,538.75(7) 

2,743.9 

4,241.67 

2,956.6 

2,835.5 



t Scribner, Bozman, Meggers, /. Research Natl. Bur. Standards 46, 85 (1951) (Pm). 
% Scribner, Bozman, Meggers, J. Research Natl. Bur. Standards 45, 476 (1950). 
! Fred, Tomkins, /. Opt. Soc. Am. 39, 357 (1949). 



4,123.23 

4,012.39 

4,408.84 

4,446.39 

3,998.96f 

4,434.32 

4,262.10 

3,561.74(7) 

4,077.97(7) 

3,692.65(7) 
3,462.21(7) 

2,894.84 
2,516.88 



3,580.15 



4,433.88 
3,509.17 



5,608.8 



4,281.42 

3,054.6 

3,932.0 

3,829.2 

3,907.1 

3,926.2 



2,733.04 



3, 957. 81f 

4,290.9! 

3,989.7! 
4,188.2! 



7g. Important Atomic Spectra 

H. M. CROSSWHITE AND G. H. DIEKE 

Physics Department 
The Johns Hopkins University 



7g-l. General. The tables and figures of this section furnish data on spectra 
which are often used for reference. These are chiefly the spectra of the rare gases 
which can easily be obtained with simple discharge tubes (a neon advertising sign, for 
instance, is a good source for the neon spectrum); the iron spectrum which is the best 
source of standard lines for a spectrograph of moderate to high dispersion; and the 
mercury spectrum which, like that of helium, is particularly useful for spectrographs of 
low dispersion. 

Data on other spectra of varying degrees of accuracy and completeness can be 
found in the MIT tables; 1 Kayser, "Handbuch der Spectroscopic," vols. 5-8; Paschen 
und Gotze (1922); Fowler (1922); C. E. Moore, "Multiplet Tables" (1945); and 
Erode, "Chemical Spectroscopy" (1943). 

An atlas of spectra is Gatterer and Junkes (1937 and 1945) . For the solar spectrum, 
Minnaert, Mulders, and Houtgast (1940) is recommended. 

The various tables of spectra and figures presented in this section are as follows: 



Spectrum 


Table 


Figure 


Helium 


7g-l 
7g-2 
7g-3 
7g-4 
7g-5 
7g-6 
7g-7 




Neon Ne I 


7g-l 


Argon A I 


7g-2 


Krypton Kr I 


7g-3 


Xenon Xe I 


7g-4 


Iron Fe I 


7g-5 


Mercury Hg I 


7g-6, 7 







The wavelengths and intensities are listed as completely as space permits. Special 
attention has been paid to lines which can be used as standards for wavelength 
measurements of high accuracy. 

The figures, which are direct photoelectric traces obtained at The Johns Hopkins 
University, will help to orient the reader in the particular spectra. The traces were 
made with a logarithmic amplifier and calibrated to compensate for variations in 
sensitivity of spectrograph and measuring devices. Furthermore, the intensity 
scale is the same for all spectra so that the values indicate relative brightnesses of the 
light sources. Intensities as read from the charts, however, are not meant for high 
accuracy. 

In a number of spectra numerical intensity values are given on a logarithmic scale. 
Also the conditions under which the spectra were produced are shown in each case. 

1 See the references at the end of Sec. 7. 
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Without the knowledge of such conditions intensity tables have little meaning because 
the intensities vary greatly with the discharge conditions. 

In both figures and tables (except for helium) the intensities are standardized to 
give the energy flux from 100 cm' of the light source per unit solid angle in ergs per 
second. r 

In Figs. 7g-l through 7g-5, only whole numbers are given in the wavelength desig- 
nations Values accurate to several decimal places appear for many of these lines in 
Tables 7g-2 through 7g-7. 

* 7g ; 2 - St " ndard Wavelengths. Since 1927, the internationally accepted primary 
standard of wavelength has been the wavelength of the red cadmium line 6,438 4696 
A when measured m air at standard conditions.' One Angstrom unit (A) is verv 
closely equal to 10-i° m. l ' ' 

At the present time attempts are being made to replace the red cadmium line by a 
more suitable standard which combines higher accuracy and stability with better 
availability. It is very likely that this wavelength standard will also be the standard 
of length and thus replace the standard meter. Lines of the isotope 198 of mercury 
have been proposed* for this, but international adoption must wait until tests on the 
variability of the wavelengths with discharge conditions have been completed It 
apparently is necessary to have the frequency of the exciting field fairly high O100 
Mc/sec). Lines of Kr« are probably even better. 

Accurate wavelength measurements are most conveniently made with the Fabry- 
Perot interferometer or a similar device which permits. direct comparison with the 
primary standard. For all practical purposes a number of secondary standards may 
be used instead of the primary standard without significant loss of accuracy. The 
advantages of doing so are that more easily handled light sources may be used and 
frequently the standard is more nearly equal in wavelength to the lines to be measured 
than the primary standard. 

Secondary standards accepted by the International Astronomical Union are the 
wavelengths of suitable lines which have been measured with concordant results in at 
least three independent laboratories. The mean of such determinations is designated 
as a secondary international standard of wavelength and indicated by a letter S in 
subsequent wavelength tables. Whichever light sources are used to obtain wave- 
length standards it ,s very important that the conditions (pressure, discharge current, 
dimensions of light source, type of spectrograph used, etc.) be identical with those 
under which the standard wavelengths were determined. 

Among the secondary standards, the wavelengths of some Hg»« lines are probably 
now as reliable as those of the primary standard. Neon and krypton wavelengths are 
almost as good, while the secondary iron standards are somewhat less reliable at the 
present time A replacement of the iron arc by a more suitable light source will 
probably make many iron wavelengths available with greatly increased accuracy. 
More details will be found under the particular spectra 

If extreme wavelength accuracy is not required, as with grating measurements, 
many additional lines may be used as standards. 

Helium I. The He I spectrum (Table 7g-l) consists of singlets and triplets The 
latter appear as double lines except under the most favorable conditions. This is 
because the 2*P 2 and 2* Pl levels almost coincide, whereas the »P t level is about 1 
cm removed. The wavelengths are taken from the literature; some need revising 
The intensities /.and U are quantitative measurements at the following condition^ 
It, discharge with external electrodes; frequency 15 Mc/sec; pressure 7 5 mm- I* ' 
same, pressure 0.25 mm; /„, estimates from the literature. ' ' 

(lQMj!' SPecifi0ati ° nS ° f the lamp ' see Proci * ° erba ™ °™*& int. poide et metres 17 (2), 91 
1 Meggers, J. Opt. Soc. Am. 38, 7 (1948). 
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Table 7g-l. The Spectrum of Helium I and II 





Classification 
















Hell 


h 


/i 


I* 


X 


Singlets 


Triplets 


-t 2 


243.027 










4-> 1 








256.317 










3-> 1 








303.781 










2— 1 








522.208 


IS 


AP 














537.024 


IS 


SP 














534.331 


IS 


2P 














591.420 


IS 






2p 










1,084.975 










5-*2 








1,215.171 










4-^ 2 








1,640.474 










3-+2 








2,696.130 






2s 


9p 




1 






2,723.175 






2s 


8p 








1 






2,763.800 






2s 


7p 








2 






2,829.063 






2s 


6p 








4 






2,945.110 






2s 


bp 








6 






3,187.744 






2s 


4p 








8 






3,203.14 










5 




3 








3,354.550 


2S 


IP 












2 






3,447.594 


2S 


QP 












2 






3,587.252 






2p 


9d 








2 






3,587.396 






2p 


9d 








1 






3,599.304 






2 V 


9s 








1 






3,599.442 






2p 


9s 








1 






3,613.641 


2S 


bP 












3 


19 


260 


3,634.235 






2 V 


U 








2 






3,634.373 






2 V 


M 








1 






3,651.971 






2 V 


8s 








1 






3,652.119 






2p 


8s 








1 






3,705.003 






2 V 


7d 








3 


28 


260 


3,705.140 






2 V 


Id 








1 






3,732.861 






2 V 


7s 








1 






3,732.993 






2 V 


7s 








1 






3,819.606 






2p 


Qd 








4 


84 


680 


3,819.761 






2p 


6d 








1 






3,867.477 






2p 


6s 








2 


23 


160 


3,867.631 






2p 


6s 








1 






3,888.649 






2s 


3p 








10 


10,000 


10,000 


3,964.727 


2S 


4P 












4 


140 


2,100 


4,009.270 


2P 


ID 












1 


5 


89 


4,023.973 


2P 


IS 












1 






4,026.189 






2p 


5d 








5 


370 


1,450 


4,026.362 






2p 


bd 








1 






4,120.812 






2p 


bs 








3 


90 


480 


4,120.993 






2p 


bs 




1 
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Table 7g-l. The Spectrum of Helium I and II (Continued) 





Classification 










X 








Hell 


h 


/i 


J 2 




Singlets 


Triplets 










4,143.759 


2P 


6Z) 








2 


19 


210 


4,168.965 


2P 


6S 








1 


3 


36 


4,387.928 


2P 


5D 








3 


83 


590 


4,437.549 


2P 


5S 








1 


17 


290 


4,471.477 






2 V 


4d 




6 


2,300 


2,220 


4,471.688 






2 V 


U 




1 






4,685.75 










4->3 








4,713.143 






2 V 


4s 




3 


350 


370 


4,713.373 






2 V 


4s 




1 






4,921.930 


2P 


4Z> 








4 


57 


1,800 


5,015.675 


2S 


SP 








6 


710 


3,106 


5,047.736 


2P 


43 








2 


120 


860 


5,411.551 










7—4 








5,875.662 






2p 


3d 




10 


18,200 


7,100 


5,875.867 






2 P 


3d 




1 






6,559.71 










6 — 4 








6,678.150 


2P 


SD 








6 


2,400 


1,850 


7,065.188 






2 V 


3s 




5 


7,100 


1,450 


7,065.719 






2p 


3s 




1 






7,281.349 


2P 


SS 




* 




3* 


1,450 




10,123.77 










5 — 4 








10,829.081 






28 


2p 




500 


105,000 


6,950 


10,830.250 






2s 


2p, 




1,500 






10,830.341 






2s 


2p 2 




2,500 






12,784. 79 f 






Sd 


5/ 




10f 






12,790.27 


3D 


5F 








1 






17,003.11 






Sp 


4d 




20 






18,685.12 






3d 


4/ 




70 






18,697.00 


3D 


4F 








10 






20,580.9 


2S 


2P 








5,000 







* Change in the 7o scale. From here on National Bureau of Standards values 
t 7 a v el engths and intensities from here on from Humphreys and Kostkowski, J. Research Nail. Bur. 
standards 49, 73 (1952). 

The classification is indicated by capital letters for singlets, lower-case letters for 
triplets. A few of the He II lines are also listed. They have elaborate fine 
structures. 

Neon I. The neon spectrum is moderately rich in lines and may serve, like the other 
rare-gas spectra, as an easily obtained comparison spectrum. Any neon-sign manu- 
facturer can produce a satisfactory tube. The wavelengths of the strong lines have 
been measured with great accuracy and have been adopted as international secondary 
standards, 1 often replacing the primary standard for interferometric measurements. 

Table 7g-2 lists the principal neon lines. The wavelengths are interferometric 
wavelengths when followed by a capital letter. 

B, Burns, Adams, Longwell, /. Opt. Soe. Am. 40, 339 (1950) 

H, Humphreys, J. Research Natl. Bur. Standards 20, 17(1938) 

1 Trans. Intern. Astron. Union 5, 86 (1935). 
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Table 7g~2. The Spectrum of Neon I 



Wavelength 



Classification 



System. 



2,647.42 

2,675.24 

2,675.64 

2,872.663 

2,913.168 

2,932.721 
2,947.297 
2,974.714 
2,980.642 
2,980.922 

2,982.663 
2,992.420 
2,992.438 
3,012.129 
3,012.955 

3,017.348 
3,057.388 
3,076.971 
3,126.1986 5 
3,148.6107 5 

3,153.4107 5 
3,167.5762 5 
3,369.8076 5 
3,369.9069 B 
3,375.6489 5 

3,417.9031 5 
3,418.0066 H 
3,423.9120 5 
3,447.7022 5 
3,450.7641 5 

3,454.1942 5 
3,460.5235 5 
3,464.3385 5 
3,466.57815 
3,472.5706 5 

3,498.0632 5 
3,501.2154 5 
3,510.7207 5 
3,515.1900 5 
3,520.4714 5 



3si2 
3sn 
3*ii 

3Sl2 

3s 01 

38ii 

3«12 
«J S 00 

3Si2 

3sn 

3Si2 

3sn 

38ii 

3su 
3s 01 
oSqi 
3s 01 
3s 01 

3s 01 
3s 01 

3Si2 
3Si2 
3Si2 

3sn 

38u 

3sn 

3Si2 
3S 12 

3«n 

oSqq 
3Si2 

3S12 

3sn 
3*ii 

3Si2 

3sn 
3s 01 



Paschen 



8pi 

7pj 2 

7pji 

6Poo 

5pii 

6p o 

5^12 

5pi2 

5Poi 

5pn 

5^23 

5poo 
5poi 
5pi2 
5pu 

5^22 

5?>oo 
5p'u 
5poo 
5pn 

5?)22 

5p i 
4pj 2 
4poi 
Vn 

4pj 2 
4Poi 
4pii 
4pi2 
4pn 

4p o 
4poi 

4^22 

4p« 

4^23 

4pi2 
4pn 
4poi 

4p22 

4pJ 



lss 

1*4 
1*4 
lS2 

ls 8 



lS4 

ls 5 

lS3 

la. 



lS2 
lS2 
lS5 

ls 6 
ls 5 

lS 4 
lS 4 
lS 4 

ls 6 

lS 5 

la 4 

lS 3 

lss 

1«. 

Isb 

lS 4 
lS4 
lS 5 
184 
1S2 



7^6.7 

6p 4 
6p B 
5pi 
4p 2 

5p 3 
4p 4 
4p 6 
4p 2 
4p 6 



lS6 


4p 9 


lS 4 


4p 3 


lS6 


4pio 


is 4 


4p 6 


lS 4 


4p 7 


1*4 


4p 8 


1S2 * 


4pi 


lS2 


4p 4 


1S2 


4p 3 


1S2 


4p 7 



4p 8 

4pio 

3p 4 

3p 2 

3p 5 

3p 4 

3?>2 

3p 5 
3p 6 
3p 7 

3p 3 
3p 2 
3p 8 
3p 6 
3p» 

3p 6 

3p 7 

3pio 

3p 8 

3pi 



8 
8 
8 
5 
8 

7 

8 

9 

5.5 

6 

9 

a 

6 
6 

6 
9 
8 
8 

7 

6 

6 
10 
15 

6 

10 
6 
6 
8 
6 

7 
7 
7 
8 
10 

7 
8 
6 
8 
20 



log h 



log 7 2 



log Iz 



2.73 
3.16 

3.30 

3.2? 

3.6? 

2.7 

2.80 

3.52 

3.32 

2.93 
2.98 

3.12 
2.7 

2.80 
3.61 
2.44 

2.4? 
2.21 
3.90 
4.36 
2.98 

4.62 
4.14 
3.57 
4.91 
4.18 

4.72 
4.37 
4.27 
4.64 
4.90 

4.45 
4.53 
3.85 
4.55 
5.32 
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Table 7g-2. The Spectrum of Neon I (Continued) 
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Classification 










Wavelength 




u 


log /i 


log 1 \ 








log Iz 




System. 


Paschen 










3,562.9551 5 


3su 


4poi 


1«4 


Spio 


3 








3,593.5263 5 


3s 01 


4^12 


ls 2 


3p 4 


10 






4.70 


3,593.639 B 


34 


4 Poi 


1«2 


3p 2 


9 






4.50 


3,600.1694 5 


3s 01 


4?>n 


1$2 


3p 6 


7 






4.17 


3,609.1787 5 


3s o 


4poi 


ls 3 


3pio 


6 






3.26 


3,633.6643 5 


3s 01 


4poo 


1S2 


3p 3 


7 






4.28 


3,682.24215 


3s 01 


4pi 2 


lS2 


3p 6 


7 






4.21 


3,685.7351 5 


34 


4pn 


1«2 


3p 7 


7 






4.08 


3,701.2247 5 


3Soj 


4/>22 


lS2 


3?8 


7 






4.06 


3,754.2148 5 


3 *01 


4poi 


1«2 


3pio 


6 






3.42 


4,270.2674 5 


3poi 


7doo 


2pio 


7d 6 


4 


2.460 






4,275.5598 5 


3poi 


6d 22 


2pio 




5 


2.70 


2.61 




4,306.2625 5 


3poi 


8« 12 


2pio 


6s 5 


5 








4,334.1267 5 


3poi 


7«oi 


2pio 


5s 2 


5 








4,363.524 M 


3^23 


9d 3 4 


2p 9 


9< 


5 








4,381.220 M 


3?>23 


10S12 


2p 9 


8s 6 


3 








4,395.556 M 


3^22 


9dt 3 3 


2p 8 


9d 4 


4 








4,422.5205 5 


3poi 


6di2 


2pio 


6d 3 


8 


2.97 


2.90 




4,424.8096 5 


3p i 


6doi 


2pio 


6d 6 


8 


2.89 


2.81 




4,425.400 M 


3poi 


6doo 


2pio 


6d 6 


7 








4,433.7239 5 


3^23 


8^34 


2p 9 


8< 


5 


2.34 


2.19 




4,460.175 M 


3p 2 3 


9Si2 


2p 9 


7s 6 


6 








4,466.8120 5 


3^22 


8d 3 s 


2p 8 


8d 4 


5 


2.02 


1.81 




4,475.656 M 


3pu 


7d' 12 


2p 7 


■7«r 


6 








4,483.199 5 


3poi 


7«H 


2pio 


5s 4 


7 


2.098 






4.488.0926 5 


3poi 


7«12 


2pio 


5s 6 


8 


2.811 


2.673 




4,500.182 M 


3 P ;„ 


8< 2 


2p 6 


8s;' 


4 








4,517.736 M 


3p( 2 


8d 23 


2p 4 


8s'/' 


6 








4,525.764 M 


3pn 


8C?22 


2p 7 


8< 


5 








4,536.312 


3poi 


5 ^11 


2pio 


5sj 


7 


2.694 


2.699 




4,537.7545 5 


3poi 


5a 2 2 


2pio 


5s/" 


10 


3.3 


3.4 




4,538.2927 5 


3^23 


7^23 


2p 9 


7< 


8 








4,540.3801 5 


3p23 


7d 3 4 


2p 9 


7< 


10 


2.964 


2.854 




4,552.598 M 


3pn 


9s u 


2 Vl 


7s 4 


3 








4,565.888 M 


3?>12 


8^23 


2p 6 


Sd[ 


4.5 








4,575.0620 5 


3p22 


7rf 3 3 


2p 8 


7ri 4 


8 


2.714 


2.569 




4,582.035 M 


3?)22 


6C? 23 


2p s 


68'/' 


7 


2.4 


2.3 




4,582.4521 5 


3?)23 


86'i2 


2p 9 


6« 6 


7 


2.4 


2 3 




4,609.910 M 


3Pu 


7di 2 


2p b 


78'/ 


7 


2.19 






4,614.391 M 


3p22 


8«ii 


2p s 


6s 4 1 


6 


2.204 


1 
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Table 7g-2. The Spectrum of Neon I (Continued) 







Classification 






















h 


log/! 


log h 


log h 


Wavelength 












Syst 


em. 


Paschen 










4,617.837 M 


3^22 


8Sl2 


2p 8 


6s 5 


5 








4,628.3113 5 


3z>! 2 


7^3 


2p 4 


7*i" 


7 


2.49 


2.39 




4,636.125 M 


3pn 


7^22 


2p 7 


7d" 


5 


2.0 






4,636.630 


3pn 


7dn 


2p 7 


7d 2 


5 


2.0 






4,645.4180 5 


3pu 


6d 12 


2p 7 


6s x 


8 


2.672 


2.607 




4,649.904 M 


3^22 


7Sq! 


2p 8 


5S2 


5 








4,656.3936 5 


3p i 


6soi 


2pio 


4S2 


8 


2.916 


2.828 


2.799 


4,661.1054 5 


3p i 


6s 00 


2pio 


4S3 


7 


2.634 


2.559 




4,670.884 M 


3pi 2 


8s 01 


2p 4 


6S2 


5 








4,678.218 M 


3^12 


7^23 


2p 6 


7d[ 


8 


2.4 


2.3 




4,679.135 M 


3^12 


7dl2 


2p 6 


7dz 


7 


2.2 


2.1 




4,687.6724 5 


3pi2 


6d 2 3 


2p 6 


68'/' 


6 


2.410 


2.340 




4,702.526 


3p i 


5dn 


2pio 


5d 2 


7 


2.472 


2.427 




4,704.3949 B 


3poi 


5^12 


2pio 


hdz 


15 


3.701 


3.729 


3.437 


4,708.8619 B 


3p i 


5doi 


2pio 


5^6 


12 


3.688 


3.693 


3.459 


4,710.0669 5 


3poi 


5doo 


2pio 


5d 6 


10 


3.33 


3.33 


3.34 


4,712.0661 5 


3^23 


6^23 


2p 9 


u\ 


10 


2.96 


2.90 


2.55 


4,715.3466 5 


3?>23 


6C?34 


2p 9 


u\ 


15 


3.57 


3.50 


3.17 


4,725.145 M 


3pi2 


8S12 


2p 6 


6s 5 


5 








4,749.5754 5 


3?>22 


6^22 


2p 8 


6di 


8 


2.78 


2.68 




4,752.7320 5 


3p 2 2 


6^33 


2p 8 


6d 4 


10 


3.329 


3.243 


2.974 


4,788.9270 5 


3^23 


7S12 


2p 9 


5s 5 


12 


3.16 


3.05 




4,790.217 5 


3p'n 


6^22 


2p 5 


6s'/ 


10 


2.84 


2.77 




4,800.100 5 


3pi2 


7(^23 


2p 4 


7d\ 


5 








4,810.0640 5 


3pi 2 


6d 2 3 


2p 4 


6s'/' 


7 


3.07 


3.01 


2.70 


4,817.6386 5 


3pn 


6^22 


2p 7 


u'l 


8 


2.861 


2.775 


2.597 


4,818.748 


3pn 


6dn 


2p 7 


6d 2 


7 


2.599 


2.499 


2.335 


4,821.9236 5 


3^22 


7sn 


2p 8 


5S4 


8 


2.864 


2.646 


2.693 


4,823.174 


3poo 


6dn 


2p 3 


6si 


6 


2.3 


2.2 




4,827.3444 5 


3poi 


6sn 


2pio 


4S4 


10 


2.9 


2.8 




4,827.587 5 


3^22 


7Si2 


2p 8 


5S5 


8 








4,837.3139 5 


3poi 


6S12 


2pio 


4s 5 


9 


3.442 


3.402 


3.177 


4,852.6571 5 


3poi 


6d 2 2 


2p 2 


6s'/" 


6 


2.731 


2.632 




4,863.0800 5 


3^12 


6^23 


2p 6 


u\ 


6 


3.131 


3.064 




4,865.5009 5 


3^12 


6^12 


2p 6 


Uz 


6 








4,866.477 5 


3pi2 


6^33 


2p 6 


Qdi 


5.5 


2.61 


2.53 




4,867.010 


3pn 


7^00 


2p 5 


5s 3 


5 


2.4 


2.3 




4,884.9170 5 


3pi 2 


7«ii 


2p 4 


5s2 


10 


3.2 


3.2 


3.0 


4,892.1007 5 


3pn 


7sn 


2p 7 


5S4 


9 


2.58 


2.38 




4,928.241 5 


3?>oi 


7soi 


2p 2 


5S2 


5 
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Wavelength 




Classification 




1 
















h 


log Ii 


log 7 2 


log Iz 




System. 


Paschen 










4,939.0457 5 


3?>12 


7«12 


2p 6 


5s 4 


6 


2.626 


2.462 




4,944.9899 5 


3?12 


7Si2 


2/) 6 


5s 5 


6 


2.641 


2.517 




4,957.0335 B 


3pn 


5d 12 


2p 7 


5s'/ 


10 


3.3 


3.4 




4,957.123 B 


3pn 


5(^22 


2p 7 


5s'/" 


7 








4,973.538 


3Pn 


6^22 


2p 5 


6d[' 


6 


2.496 


2.406 


2.89 


4,994.913 B 


3p'i2 


6C?23 


2p 4 


6d[ 


7ur 


2.451 


2.365 




5,005.1587 B 


3?>12 


5a 23 


2p 6 


5s'/' 


10 


3.10 


3.13 


3.58 


5,011.003 M 


3poo 


6rfn 


2p 3 


6d 2 


4 


2.279 


2.208 




5,022.864 B 


3?>22 


6*bi 


2p 8 


4S2 


4 


2.592 


2.506 




5,031.3504 5 


3^23 


5^23 


2p 9 


5d[ 


9 


3.634 


3.665 


3.374 


5,035.989 


3^23 


5^12 


2p 9 


5dz 


5 


2.818 


2.823 




5,037.7512 5 


3^23 


5^34 


2p 9 


5< 


10 


4.27 


4.29 


4.01 


5,074.2007 5 


3^22 


5d!22 


2p 8 


5^ 


5 


3.53 


3.54 


3.27 


5,080.3852 5 


3^22 


5^33 


2p 8 


5d 4 


8 


4.038 


4.061 


3 803 


5,104.70115 


3p n 


6s o 


2p 7 


4s 3 


5 


2.798 


2.745 




5,113.6724 5 


3poi 


4<4 


2pio 


4 S ; 


7 


3.475 


3.654 


3.326 


5,116.5032 5 


3poi 


4dj 2 


2/?io 


4.;' 


8 


4.11 


4.36 


3.92 


5,122.2565 5 


3pn 


5d 12 


2p 5 


5s '>', 


8 


3.6 


3.6 




5,144.9384 5 


3p'i2 


5d 23 


2p 4 


5s/' 


10 


3.9 


4.0 




5,150.077 


3??12 


6s£i 


2p 6 


4s 2 


5 


2.9 


2.9 




5,151.9610 5 


3 Pll 


5^22 


2p 7 


5d/ 


7 


3.595 


3.597 


3.352 


5,154.4271 5 


3pn 


5dn 


2p 7 


5c?2 


6 


3.292 


3.286 




5,156.6672 5 


3pn 


5di2 


2p 7 


5d 3 


6 


2.5 


2.5 




5,158.9018 5 


3p o 


5d» 


2p z 


5si 


6 


3.087 


3.094 




5,188.6122 5 


3^23 


6S12 


2p 9 


4s 5 


8 


3.813 


3.898 


3.519 


5,191.3223 5 


3?4 


5d[ x 


2p 2 


5s x 


5 








5,193.1302 5 


3Poi 


5d 12 


2p 2 


5s L 


!} 








5,193.2227 5 


3pJi 


5d 22 


2p 2 


5s 1 


3.6 


3.6 




5,203.8962 5 


3^12 


5(^23 


2p 6 


5di 


8 


3.837 


3.884 


3.515 


5,208.8648 5 


3^12 


5di2 


2p 6 


5^3 


7 


3.584 


3.585 




5,210.5672 5 


3?)l2 


5^38 


2p 6 


5^4 


6 






2.860 


5,214.3389 5 


3?)12 


5doi 


2p 6 


5d 6 


5 


2.777 


2.745 




5,222.3517 5 


3?)22 


6su 


2p 8 


4s 4 


6 


3.549 


3.431 


3.592 


5,234.0271 5 


3/)22 


6S12 


2p 8 


4s 5 


6 


3.161 


3.125 




5,274.0393 5 


3p'n 


6Sq! 


2p 5 


4S2 


5.5 


2.767 


2.649 




5,280.0853 5 


3Pn 


6s 00 


2p 6 


4s 3 


6 


2.962 


2.899 


2.660 


5,298.1891 5 


3 7>i 2 


6sqi 


2p 4 


4s2 


8 


3.492 


3.396 


3.300 


5,304.7580 5 


3pu 


6sn 


2p 7 


4s 4 


7 


3.255 


3.154 


3.088 


5,326.3968 5 


3poi 


4rfn 


2pio 


4d 2 


7 


3.388 


3.540 




5,330.7775 5 


3poi 


4di2 


2pio 


4d 3 


12 


4.547 


4.771 1 


4.360 
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Wavelength 


Classification 


/o 


log I\ 


log h 


log h 












Syst 


em. 


Paschen 










5,341.0938 5 


3poi 


4doi 


2pio 


4d 5 


20 


4.537 


4.732 




5,343.2834 5 


3poi 


4doo 


2pio 


4d 6 , 


12 


4.3 


4.5 


3.936 


5,349.2038 5 


3pJi 


6sqi 


2p 2 


4s2 


8 


3.072 


3.004 


2.810 


5,360.0121 5 


3^12 


6sn 


2p 6 


4s 4 


8 


3.392 


3.297 


3.129 


5,372.3110 5 


3/?12 


6Si2 


2p 6 


4s 5 


7 


3.318 


3.282 


2.196 


5,374.9774 5 


3p o 


bdn 


2p 3 


5(^2 


6 


3.002 


2.984 




5,383.2503 5 


3p o 


5doi 


2p 3 


5d 5 


4 


2.487 


2.525 




5,400.5616 5 


3sn 


3poo 


1S 4 


2pi 


50 


4.735 


5.079 


4.832 


5,412.6490 5 


apii 


5di2 


2p 2 


5dz 


9 


2.948 


3.015 




5,418.5584 5 


3poi 


5doi 


2p 2 


5c?5 


8 


2.88 


2.85 




5,433.6513 5 


3poi 


5s 01 


2pio 


3s 2 


9 


3.349 


3.377 


3.223 


5,448.5091 5 


3p i 


5s 00 


2pio 


3s 3 


8 


3.077 


3.169 




5,494.4158 5 


3p'n 


6sn 


2p 5 


4s 4 


6 


2.843 


2.745 




5,533.6788 5 


3Pl2 


6Si2 


2p 4 


4s 5 


7 


2.738 


2.720 




5,538.6510 5 


3poo 


6sii 


2p 3 


4s 4 


6 


2.625 


2.532 




5,562.7662 5 


3^22 


4^23 


2p 8 


*"' 


10 


3.9 


4.1 


3.7 


5,652.5664 5 


3pii 


4d|i 


2p 7 


4 S ; 


7 


3.400 


3.562 


3.240 


5,656.6588 5 


3pn 


4d 22 


2p 7 


4-r 


10 


4.20 


4.40 


3.96 


5,662.5489 5 


3poi 


5su 


2pio 


3s 4 


7 


3.438 


3.665 




5,689.8163 5 


3poi 


5Si2 


2pio 


3s 5 


8 


4.179 


4.305 


3.949 


5,719.2248 5 


3P12 


4d 2 3 


2p 6 


< f 


10 


3.9 


4.1 


3.7 


5,748.2985 5 


3p 2 3 


4^23 


2p 9 


4^ 


10 


4.4 


4.6 


4.1 


5,760.5885 5 


3p23 


4^12 


2p 9 


4d 3 


7 


3.603 


3.800 




5,764.4188 5 


3p23 


4^24 


2p 9 


4< 


15 


5.080 


5.312 


4.868 


5,804.4496 5 


3p22 


4^22 


2p 8 


4di' 


10 


4.374 


4.585 


4.121 


5,811.4066 5 


3^22 


4dn 


2p 8 


4d 2 


8 


3.53 


3.69 




5,820.1558 5 


3p 2 2 


4d 3 3 


2p 8 


4d 4 


10 


4.870 


5.080 


4.638 


5,852.4878 5 


3s 01 


3poo 


lS2 


2pi 


50 


5.904 


6.268 


6.442 


5,868.4183 5 


3p'n 


4d' n 


2p 6 


4*i 


7 


3.659 


4.341 




5,872.8275 5 


3Pn 


4d 2 2 


2p 5 


4s'/" 


10 


4.47 


4.74 


4.27 


5,881.8950 5 


3«i2 


3poi 


1«5 


2p 2 


20 


5.235 


6.300 


5.974 


5,902.4623 5 


3Pi2 


4d 23 


2p 4 


4*'i" 


6 


4.82 


5.05 


4.626 


5,902.7835 5 


3pi 2 


4d 22 


2p 4 


4s;'" 


1.5 








5,906.4294 5 


3pu 


4(^22 


2p 7 


4< 


6 


4.448 


4.671 


4.185 


5,913.6327 5 


3pn 


4rfu 


2p 7 


4d 2 


9 


4.133 


4.303 


3.927 


5,918.9068 5 


3p o 


4<4 


2p 3 


4*; 


9 


4.09 


4.28 


3.860 


5,944.8342 5 


3Si2 


3pi 2 


ls 5 


2p 4 


10 


5.365 


6.380 


6.104 


5,961.6228 5 


3po! 


4<4 


2p 2 


4s ; 


7 


3.903 


4.198 


3.717 


5,965.4710 5 


3pii 


4^12 


2p 2 


4s'/ 


10 


4.54 


4.75 


4.25 


5,974.6273 5 


3pi2 


4^23 


1 2p 6 


4c*; 


10 


4.7 


5.6 
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Classification 


L 










Wavelength 










/o 


log h 


log 1 2 












log h 




System. 


Pasehen 










5,975.5340 5 


3*12 


3Ph 


1*5 


2p b 


*12 


5.14 


6.05 




5,987.9074 B 


3pi2 


4(ii2 


2p 6 


Adz 


8 


4.373 


4.601 


4.058 


5,991.6532 5 


3 Pi 2 


4^23 


2p 6 


4d 4 


7 


4.049 


4.237 


3.729 


6,000.9275 B 


3p 12 


4d i 


2p 6 


Ad b 


6 


3.725 


3.925 




6,029.9971 5 


3*n 


SPoi 


1*4 


2p 2 


10 


5.200 


6.266 


5.748 


6,046.1348 B 


3pn 


5s 01 


2p 7 


3s 2 


4 


3.249 


3.961 




6,064.5359 5 


Spn 


5^0 


2p 7 


3*3 


4 


3.613 


3.995 




6,074.3377 5 


3s u 


3poo 


1*4 


2p 3 


10 


5.411 


6.490 


6.093 


6,096.1630 5 


3*n 


3^12 


1*4 


2p 4 


8 


5.428 


6.550 


6.161 


6,128.4498 5 


3s u 


3Pn 


1*4 


2p 5 


6 


4.908 


5.580 


5.024 


6,143.0623 5 


3Si2 


3^12 


1*5 


2p 6 


10 


5.48 


6.63 


6.198 


6,163.5939 5 


3sq 


3poi 


lS3 


2p 2 


12 


5.231 


6.488 


6.010 


6,174.8829 5 


3pi2 


4^23 


2p 4 


■4di 


5 


3.9 


4.3 




6,182.1460 B 


3^23 


5Si2 


2p 9 


3s 6 


7 


3.610 


4.737 


4.334 


6,189.0649 B 


3pi2 


4^12 


2p 4 


4d 3 


5 


3,544 


3.846 




6,193.0663 5 


3^12 


4d 23 


2p 4 


4d 4 


4 




3.498 




6,205.7775 5 


3/>oo 


4du 


2p 3 


4d 2 


6 


3.785 


4.043 




6,213.8758 5 


3^22 


5*n 


2p 8 


3s 4 


7 


4.376 


4.473 




6,217.2813 5 


3*i 2 


3pu 


1*5 


2p 7 


15 


5.359 


6.436 


5.962 


6,246.7294 5 


3p.22 


5*w 


2p 8 


3s 5 


6 


3.929 


4.129 




6,266.4950 5 


3s 00 


3Pn 


1*3 


2p 6 


15 


5.336 


6.606 


6.156 


6,293.7447 5 


3poo 


5Sq! 


2p 6 


3s 2 


6 


3.683 


3.900 




6,304.7892 5 


3sn 


3^12 


1*4 


2p 6 


6 


5.422 


6.391 


6.009 


6,313.6921 5 


3poo 


5*00 


2/>5 


3s 3 


7 


3.899 


4.151 




6,328.1646 5 


3 P ; 2 


5so X 


2p 4 


3s 2 


8 


4.424 


4.546 




6,334.4279 5 


3*12 


3p 22 ' 


1*5 


2p 8 


10 


5.567 


6.679 


6.281 


6,351.8618 5 


3y>oo 


5*01 


2p 3 


3*2 


6 








6,382.9914 5 


3s u 


3pn 


1*4 


2p 7 


12 


5.503 


6.684 


6.221 


6,402.2460 5 


3s 12 


3^23 


lS5 


2p 9 


20 


5.93 


6.83 


6.389 


6,421.7108 5 


3Poi 


5Si2 


2p 2 


3s 5 


6 


3.701 


3.893 




6,444.7118 5 


3pi2 


5Si2 


2p 6 


3s 6 


7 


4.094 


4.191 


3.823 


6,506.5279 5 


3sn 


3^22 


1*4 


2p 8 


15 


5.635 


6.709 


6.287 


6,532.8824 5 


«*oo 


3pn 


ls 3 


2p 7 


6 


5.381 


6.531 


6.094 


6,598.9529 5 


3s 01 


3Poi 


1S2 


2p 2 


15 


5.736 


6.691 


6.213 


6,652.0925 5 


3* 01 


3poo 


1*2 


2p 3 


7 


4.279 


4.681 


4.203 


6,666.8967 5 


3poo 


5*u 


2p 3 


3*4 


6 








6,678.2764 5 


3s 01 


3p'i2 


lS2 


2p 4 


9 


5.840 


6.806 


6.393 


6,717.0428 5 


34 


3Pn 


1*2 


2p 6 


2 


5.765 


6.712 


6.286 


6,929.4672 5 


3s 01 


3pi2 


lS2 


2p 6 


10 


5.965 


6.783 


6.421 


7,024.0500 5 


3s 01 


3pii 


lS2 


2p 7 


9 


5.436 


6.068 


5.568 
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Classification 












Wavelength 










/o 


log /l 


log h 


log 1 3 












Syst 


em. 


Paschen 










7,032.4127 5 


3«i2 


3p i 


lSs 


2pio 


10 


5.732 


6.917 


6.362 


7,051.2937 5 


3p i 


3d'n 


2pio 


3«; 


5 


4.286 




4.281 


7,059.1079 5 


3poi 


3d 12 


2pio 


3,r 


7.5 


4.868 


5.534 


4.904 


7,173.9380 5 


3s 01 


3^22 


lS2 


2p 8 


10 


5.793 


6.411 


6.022 


7,245.1665 5 


3*n 


3p i 


1*4 


2pio 


10 


5.751 


6.756 


6.289 


7,438.8981 B 


«J S 00 


3poi 


lS 3 


2pio 


8 


5.510 


6.424 




7,472.4383 B 


3p i 


3dn 


2pio 


3c?2 


4 


4.432 


5.021 


4.441 


7,488.8712 5 


3poi 


3^12 


2pio 


3d 3 


9 


5.398 


6.052 


5.424 


7,535.7739 5 


3p i 


3doi 


2pio 


3d 6 


8 


5.352 


5.978 


5.387 


7,544.0439 5 


3poi 


3doo 


2pio 


3(^6 


6 


4.962 


5.667 


4.956 


7,724.6281 5 


3pJo 


5su 


2pi 


3s 4 


10 








7,839.0550 5 


3^23 


3d 23 


2p 9 


3s'/' 


30 


3.303 


3.939 


3.19 


7,927.1172 5 


3^22 


3dn 


2p 8 


3s' x 


40 






3.48 


7,936.9946 5 


3p 22 


3d 12 


2p 8 


3s'/ 


70 


3.487 


4.043 


4.040 


7,943.1805 5 


3^22 


oa 2 3 


2p 8 


3«r 


200 


4.718 


5.412 


4.725 


8,082.4576 5 


3s 01 


3poi 


1$2 


2pio 


200 


4.676 


5.203 


4.629 


8,118.5495 5 


3pn 


3dji 


2p 7 


3«i 


100 


4.452 


5.030 


4.419 


8,128.9077 5 


3pn 


3d 12 


2p 7 


3«i 


60 


3.916 


4.633 


3.85 


8,136.4061 5 


3pn 


ou 22 


2p 7 


ssr 


300 


5.047 


5.718 


5.029 


8,248.6812 5 


3^12 


3d' n 


2p 6 


3«i 


30 


3.467 


4.038 


3.34 


8,259.3795 5 


3^12 


3d 12 


2p 6 


3*i 


150 


4.327 




4.280 


8,266.0788 5 


3pi2 


orf 23 


2p 6 


3s'/' 


250 




5.387 


4.691 


8,267.1166 5 


3pi2 


3d 22 


2p« 


3s'/" 


80 








8,300.3248 5 


3^23 


3^23 


2p 9 


3d; 


600 


5.31 


5.97 


5.316 


8,365.7464 5 


3^23 


3di2 


2p 9 


3d 3 


150 


4.439 




4.415 


8,377.6062 5 


3p23 


3(^34 


2p» 


3d' 4 


800 






5.957 


8,417.1614 5 


3j)22 


3(^23 


2p 8 


3di 


100 


4.2 


4.9 




8,418.4265 5 


3?)22 


3^22 


2p 8 


3di 


400 


5.15 


5.87 


5.244 


8,463.3569 5 


3^22 


3dn 


2p 8 


3^2 


150 


4.433 


5.039 


4.452 


8,484.4424 5 


3j)22 


3^12 


2p 8 


3d 3 


80 


3.930 


4.678 


3.90 


8,495.3591 5 


3^22 


3^33 


2p 8 


3^4 


500 


5.703 


6.324 


5.764 


8,544.6952 5 


3^22 


3doi 


2p 8 


3^5 


60 


4.014 


4.752 


3.98 


8,571.3535 5 


3Pn 


3^i ! 


2p 6 


3si 


100 


4.332 


5.012 


4.330 


8,591.2583 5 


3p'n 


ou 22 


2p 6 


3s'/" 


400 


5.436 


6.057 


5.450 


8,634.6472 5 


3pn 


3C?22 


2p 7 


Sd[ 


600 


5.3 


6.0 


5.386 


8,647.0400 5 


3^12 


3d 12 


2p 4 


3s'/ 


300 


4.709 


5.235 




8,654.3837 5 


3Pl2 


3rf 23 


2p 4 


3s'/' 


1,500 


5.56 


6.26 


5.747 


8,655.5206 5 


3pi 2 


3</ 2 2 


2p 4 


3s'/" 


400 








8,679.4898 5 


3p o 


3d'n 


2p 3 


3si 


5001 
500/ 


5.2 


5.8 


5.016 


8,681.9216 5 


3pn 


3dn 


2p 7 


3c?2 
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Wavelength 


Classification 


















h 


log 7i 


log 1 2 


log Is 




System. 


Paschen 










8,704.1132 5 


3pn 


3^12 


2p 7 


3d 3 


200 


4.243 


4.992 


4.201 


8,771.6592 5 


3pii 


3d'n 


2p 2 


3«i 


400 


4.845 


5.467 


4.888 


8,780.6223 5 


3pl2 


3(^23 


2p« 


Sd[ 


1,200 






5.642 


8,783.7539 5 


3?>oi 


3«23 


2p 2 


3s[" 


1 ,000 






5.488 


8,830.9078 5 


3J012 


3dn 


2p 6 


3d 2 


50 


3.606 


4.258 


3.61 


8,853.8669 5 


3?12 


3^12 


2p 6 


3d 3 


700 


5.233 


5.805 


5.246 


8,865.3057 5 


3^12 


3^33 


2p 6 


3d 4 


1001 
500/ 


5.0 


5.6 


5.0 


8,865.7562 5 


3poi 


4«oi 


2pio 


2s 2 


8,919.4987 5 


3j?12 


3doi 


2p 6 


3d 6 


300 


4.623 


5.290 


4.624 


8,988.58 


3poi 


4s o 


2pio 


2s 3 


200 


4.310 


4.712 


4.12 


9,148.68 


3?n 


3C?22 


2p 6 


3d!' 


600 


4.809 


5.501 


4.808 


9,201.76 


3p|i 


3dn 


2p 6 


3d 2 


600 


4.786 


5.381 


4.826 


9,220.05 


3^; 2 


3C?23 


2p 4 


3d[ 


400 


4.54 


5.23 


4.624 


9,221.59 


3p; 2 


3tt22 


2p 4 


3< 


200 


4.0 


4.7 




9,226.67 


3Pn 


3dl2 


2p 6 


dd 3 


200 


4.040 


4.785 


4.01 


9,275.53 


3p| 2 


3dn 


2p 4 


Sd 2 


100 




4.466 


3.83 


9,300.85 


3p'i2 


3^12 


2p 4 


3d 3 


600 


4.650 


5.261 


4.639 


9,310.58 


3pji 


3aoo 


2p 6 


3^6 


150 


4.213 


4.966 


3.60 


9,313.98 


3pi 2 


3d 3 3 


2p 4 


3d 4 


300 


4.224 


4.947 


4.23 


9,326.52 


3poo 


3dn 


2p 3 


3c?2 


600 


4.682 


5.285 


4.710 


9,373.28 


3p'i2 


3doi 


2p 4 


3c?5 


200 


4.008 


4.712 


3.96 


9,425.38 


3poo 


3c?oi 


2p 3 


3d 6 


500 


4.472 


5.225 


4.47 


9,459.21 


3Poi 


3di2 


2p 2 


3d 3 


300 


4.211 


4.969 


4.15 


9,486.680 M 


3poi 


4sn 


2pio 


2s 4 


500 


4.793 


5.280 


4.76 


9,534.167 M 


■3pii 


3doi 


2p 2 


3rf 5 


500 


4.555 


5.319 


4.567 


9,547.40 


3pJi 


3aoo 


2p 2 


3d 6 


300 


4.241 


4.986 


4.15 


9,665.424 M 


3poi 


4«12 


2pio 


2s 5 


1,000 


5.207 


5.552 


5.155 
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Fig. 7g-l. Photoelectric traces of the neon spectrum, microwave discharge at 1.25 mm. 
Wavelength range is 3,000-10,000 A. 
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Fig. 7g-l (Continued) 
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M, Meggers and Humphreys, /. Research Nail. Bur. Standards 13, 293 (1934) 

S f International secondary standard 1 

The classification is expressed in two notations: 

Systematic (Modified Racah). Orbital angular momentum of the last electron 
(valence electron) is specified by the symbols s, p, d, etc. (not the angular momentum 
of the configuration as in L, S coupling) . The first subscript is the angular momentum 
K of the atom exclusive of the spin of the valence electron minus \. The second index 
is the total angular momentum J of the atom (J = K ± J). The levels are primed 
if they converge to the 2 P$ level of the ion which lies above the lowest ionization 
limit 2 P|. 

Paschen Notation. This is a semiempirical notation first used by Paschen and 
extensively used in the literature for the rare-gas spectra. It is now obsolete. 

The intensities are standardized in such a way that they give the energy flux from 
100 cm 2 of the light source per unit solid angle in ergs per second. I h glow discharge, 
60 cycles, pressure 1.25 mm; 7 2 , microwave discharge; pressure 10 mm; h, hollow- 
cathode discharge, pressure 3.5 mm, current 90 ma. 

Argon I. Listed in Table 7g-3 are the strongest lines in the argon spectrum and 
some others for which accurate wavelength determinations have been made. Letters 
indicate origin of wavelengths: 

B, Burns and Adams, /. Opt. Soc. Am. 43, 1020 (1953) 

L, Littlefield and Turnbull, Proc. Roy. Soc. (London) A218, 577 (1953) 

M , Meggers and Humphreys, J. Research Natl. Bur. Standards 13, 293 (1934) 

There are systematic deviations between the wavelengths of different observers, 
and care should be exercised if the lines are to be used as wavelength standards. 

columns 2 to 5: Classification, systematic (modified Racah) and conventional 
Paschen designations (see Table 7g-2). 

columns 6 and 1 \ Intensities (logarithmic scale): I h intensity in 60-cycle a-c 
glow discharge; current 60 ma, argon pressure 3 mm; h, hollow-cathode discharge 
with iron electrodes, current 150 ma, argon pressure 1 mm. 



i Trans. Intern. Astron. Union 5, 86 (1935). 
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Table 7g-3. The Spectrum of Argon I 



7^59 



X 


Classification 


Intensities 




System. 


Paschen 


log /i 


log h 


3,319.3446 5 


4Si2 


7?>12 


ls 5 


5p 6 






3,373. 4823 5 


4sn 


7poo 


ls 4 


5p 8 






3,554.3048 L 


4Si2 


6pia 


ls 5 


4p 6 






3,567.6550 L 


4Si2 


6p 2 3 


ls 6 


4p» 






3,572.2960 5 


44 


7poo 


lS2 


5p 6 






3,606.5207 L 


4sn 


6poo 


ls 4 


4p 6 






3,649.8310 L 


4«oi 


6pJ 


lS2 


4pi 






3,834.6775 L 


4«oi 


6poo 


ls 2 


4p 6 


2.18 




3,894.6609 L 


4«m 


6poi 


1S2 


4pio 


1.75 




3,947.5046 L 


4«i2 


5p' 12 


ls 6 


3p 3 


1.54 




3,948.9785 L 


4s 12 


5Pai 


ls 6 


3p 2 


3.09 


2.65 


4,044.4176 L 


4sn 


5p'p 


ls 4 


3p 8 


3.16 




4,045.9645 L 


4sii 


5Poi 


1«4 


3p 2 


2.17 




4,054.5259 L 


4sii 


5Pii- 


ls 4 


3p 4 


1.92 




4,158.5906/, 


4Si2 


5^12 


lS6 


3p 6 


3.80 


3.56 


4,164.1794 L 


4Si2 


5pn 


lss 


3p 7 


3.03 


2,62 


4,181.8833 L 


4s 00 


5/4 


IS3 


3p 2 


3.13 


2.56 


4,190.7126 L 


4Si2 


5p 2 2 


ISS 


3p 8 




3.11 


4,191.0292 L 


4s' 


Vii 


lss 


3?)4 






4,198.3174L 


4sn 


5p 6 


lS 4 


3p 6 


3.53 




4,200.6745 L 


4Si2 


5?>23 


1S 6 


3p» 


3.83 




4 .251. 1848 L 


4si2 


5p i 


ls 5 


3pio 


2.73 




4,259.3615 L 


4«oi 


5pio 


lS2 


3pi 


3.40 




4,266.2865X 


4sn 


5j)l2 


1S 4 


3p 6 


3.29 


3.11 


4,272. 1688 L 


4sn 


5pn 


lS 4 


3p 7 


3.54 




4,300. 1005 L 


4sn 


5poo 


lS 4 


3^5 


3.40 




4,333.5611 L 


4 *01 


5P}2 


1S2 


3??3 


3.32 


3.00 


4,335.3374 L 


4Sq! 


5?>oi 


1S2 


3p 2 


2.95 


2.52 


4,345. 1679 L 


4Sq! 


Vu 


ls 2 


3?4 


2.91 


2.59 


4,363.79441/ 


4sn 


5p i 


ls 4 


3pio 


1.89 


2.30 


4,510.7332 L 


4«oi ! 


5?>oo 


1S 2 


3p 5 


3.13 


2.92 


4,522.3231 L 


4s' 


5poi 


ls a 


3pi 


2.62 


2.19 


4,596.0963 L 


4$oi 


5pn 


lS2 


3p 7 


2.65 


2.20 


4,628.4406 L 


4 4 


5^22 


1S 2 


3p 8 


2.42 




4,702.3160 L 


4s' 


5poi 


1S2 


3pio 


2.74 


2.27 


4,768.6750 5 


4poi 


6di 2 


2pio 


6s'/ 


1.63 




4,876.2610 L 


4poi 


7di2 


2pio 


7d 3 


1.80 




4,887.94785 


4poi 


7doi 


2pio 


7d 6 


1.77 




5,060.0793 5 


4pi 8 


8^34 


2p 9 


8d 4 


1 .65 




5,151.3943 5 


4poi 


6(2oo 


2pio J 


6d« 


2.00 
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Table 7g-3. The Spectrum of Argon I (Continued) 







Classification 




Intensities 


X 


Syst 


em. 


Paschen 


log h 


log h 


5,162.2847 L 


4p i 


6doi 


2pio 


6d 5 


2.47 




5,187.7467 L 


4p i 


5d 12 


2pio 


bs[ 


2.53 


2.01 


5,221.2690 L 


4p 2 3 


7d34 


2p 9 


7d' A 


2.17 




5,252.7857 L 


4p 2 2 


7^33 


2p 8 


7d* 


1.85 




5,373.4951 5 


4pn 


7^22 


2p 7 


7d" 


1.45 




5,410.4750 5 


4/)i2 


7dn 


2p 6 


7d[ 


2.49 




5,421.3492 L 


4p 2 3 


8S12 


2j> 9 


5S5 


2.00 




5,439.9903 B 


4p i 


7sn 


2pio 


4s 4 


1.67 




5,451.6506 L 


4p i 


7si2 


2pio 


4s 5 


2.42 


2.00 


5,457.4158 B 


4^22 


8sn 


2p 8 


5s 4 


1.09 




5,467.1626 B 


4^22 


8Si2 


2p 8 


5Ss 


1.28 




5,473.455 B 


4?>22 


7«;, 


2p 8 


4S2 


1 45 




5,495.8728 L 


4^23 


6^34 


2p» 


6d' 4 


2.72 


2.39 


5,506. 1105 L 


4^22 


6^33 


2p 8 


6<2 4 


2.00 


1.98 


5,524.9576 L 


4^23 


5d 2 3 


2p 9 


5s'/ ' 


1.70 


1.43 


5,558.7015 L 


4p i 


5di2 


2pio 


5<^ 


2.84 


2.48 


5,572.5406 L 


4p 2 2 


5d 23 


2p 8 


5s '/' 


2.35 


2.09 


5,588.7213 B 


4^22 


5d 22 


2p 8 


5s'/" 


1.55 




5,597.4783 B 


V12 


6d 23 


2p 3 


6*'/' 


1.58 




5,60^.7328 L 


4p i 


5doi 


2pio 


5d 5 


2.84 


2.56 


5,650 7042 L 


4p i 


bdoo 


2pio 


5d 6 


2.54 


2.21 


5,659.1278 5 


4/)i2 


8S12 


2p 6 


5s 5 


1.61 




5,681.8976 L 


4pi2 


6^23 


2p« 


Gd[ 


1.78 


1.43 


5,739.5191 L 


4pn 


5d 2 2 


2p 7 


5s'" 


2.25 


1.93 


5,772.1143 L 


4pi2 


5d' 23 


2p 6 


5s[ 


1.83 


1.71 


5,802.0802 L 


4^12 


6doi 


2p 6 


6d 8 


1.69 




5,834.2640 L 


4^12 


5(i 12 


2p« 


5sj 


2.01 


1.75 


5,860.3098 L 


4p i 


6soi 


2pio 


3s 2 


2.19 


2.05 


5,882.6245 L 


4p i 


6s 00 


2pio 


3s 3 


2.41 


1.98 


5,888.5830 L 


4/)23 


7Si2 


2p 9 


4S5 


2.78 


2.34 


5,912.0848 L 


4poi 


4d' n 


2pio 


4si 


2.82 


2.62 


5,928.8119 L 


4p 2 2 


7s n 


2p 8 


4s 4 


2.43 


2.17 


5,942.6676 L 


4^22 


7Si2 


2p 8 


4s 6 


1.96 


1.84 


5,987.3027 B 


4^23 


5^33 


2p 9 


5di 


2.10 


1.75 


5,999.0004 B 


4^22 


5^22 


2p 8 


5d" 


1.90 




6,005.7246 5 


4pi 2 


8sn 


2p 3 


5s 4 


1 33 




6,013.6790 5 


4^23 


5di2 


2p 9 


5d 3 


1.75 




6,025.1515 5 


4p'i2 


v«;. 


2p 3 


4S2 


1.97 




6,032.1273 L 


4p 4 « 


5(^34 


2p 9 


5d' 4 


3 33 


2.91 


6,043.2232 L 


4^22 


5^33 


2p 8 


5d 4 


2,88 


2.46 
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X 


Classification 


Intensities 




System. 


Paschen 


logA 


log I 2 


6,052.7230 L 


4poi 


4^22 


2pio 


4.7" 


2.28 


1.84 


6,059.3723 L 


4poi 


4^; 2 


2pio 


4*7 


2.59 


2.25 


6,098.80465 


4pn 


7sn 


2p 7 


4s 4 


2.10 


2.05 


6,105.6346 L 


Vn 


5C?22 


2p 4 


5 C 


2.28 


2.81 


6,145.4406 L 


4 /4 


44 


2p 3 


5s7' 


2.25 


1.93 


6,155.2393 5 


4^12 


7sn 


2/> 6 


4s 4 


1.93 






4p n 


5d 12 


2p 4 


5*7 






6,170.1734 L 


4^12 


7Si2 


2p 6 


4s 5 


2.25 




6,173.0949 L 


4pn 


5c?22 


2p 7 


5^7 


2.30 


2.71 


6,212.5015 L 


4/?l2 


5C?23 


2p 6 


5< 


2.26 


1.97 


6,215.9423 5 


4p'i 2 


5d[ 2 


2p 3 


5«7 


2.01 




6,296.8739 L 


4?>oi 


5d[ 2 


2p 2 


5*7 


2.18 




6,307.6561 L 


4?>12 


5d\2 


2?> 6 


hdz 


2.36 


2.09 


6,364.8940 L 


4pn 


5doo 


2p 7 


5d« 


1.75 




6,369.5756 L 


4^12 


5doi 


2p 6 


5d 5 


2.05 




6,384.7160 L 


4p i 


6sn 


2/?io 


3s 4 


2.60 


2.34 


6,416.3064 L 


4p i 


6«12 


2pio 


3s 5 


3.36 


2.87 


6,431.5553 L 


4p 2 2 


6«oi 


2p 8 


3s 2 


1.60 




6,466.5498 L 


4poo 


5dn 


2p 5 


5d 2 


1.64 




6,538. 1118 L 


4?)23 


4^23 


2p 9 


4*7' 


2.18 




6,604.8542 5 


4?>22 


4<4 


2p 8 


4*7' 


2.43 




6,660.6784 5 


4pn 


6«oi 


2?? 7 


35 3 


2 12 




6,664.0533 5 


4/?22 


4dj 2 


2p 8 


4/7" 


2.16 




6,677.2812 5 


4sn 


4pJ 


IS4 


2pi 


3.40 


3.01 


6,698.8752 5 


4pi2 


6«oi 


2p 6 


3s 2 


1.97 




6,719.2193 5 


4poo 


5doi 


2p 6 


5c?5 


1.92 




6,752.8347 5 


4poi 


4rfi2 


2p 10 


4d 3 


3.60 


3.26 


6,766.6134 5 


4^12 


4<i 


2p 6 


4s[ 


2.27 




6,827.2529 5 


4/>i 2 


5doi 


2p 3 


5d 5 


1.89 




6,871.2898 5 


4poi 


4doi 


2pio 


4d 6 


3.53 


3.26 


6,888.1704 5 


4pu 


4<4 


2p 7 


4,7 


2.45 




6,937.6658 5 


4poi 


4doo 


2pio 


4d 6 


3.15 


2.86 


6,965.4304 5 


4Si2 


4pii 


ls 5 


2p 2 


5.06 


4.75 


7,030.2519 5 


4p 2 3 


6«12 


2p 9 


3s 5 


3.57 


3.19 


7,067.2175 5 


4Si2 


4p'i2 


ls 5 


2p 3 


5.01 


4.75 


7,107.4777 5 


4^22 


6S12 


2p 8 


3s 6 


2.79 




7,125.825 5 


4?>ii 


6soi 


2?> 4 


3s 2 


2.47 




7,147.0408 5 


4«i2 


4pii 


ls 5 


2p 4 


4.42 


3.83 


7,206.9812 5 


4pj 2 


6«oi 


2p 3 


3s 2 


2.93 




7,272.9349 5 


4s n 


4?>oi 


ls 4 


2p 2 


4.71 


4.23 


7,311.724 5 


4pn 1 


6sn 1 


2p 7 


3«4 


2.89 
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Table 7g-3. The Spectrum of Argon I (Continued) 





Classification 


Intensities 


^ 


System. 


Paschen 


log h 


log I2 


7,353.316 


4p 2 2 


4d 3 3 


2p 8 


4d 4 


3.32 




7,372.1189 5 


4p 2 3 


4d34 


2p 9 


4d 4 


3.76 


3.44 


7,383.9796 5 


4sn 


4?>12 


ls 4 


2p z 


5.02 


5.03 


7,412.334 5 


4pji 


4^22 


2p 4 


4s'/" 


2.55 




7,425.290 5 


*P'l2 


4^3 


2p 3 


4*7' 


2.48 




7,471.1676 B 


4su 


4p'n 


1«4 


2p 4 


2.86 




7,503.8685 5 


4sJi 


4/>oo 


IS2 


2pi 


5.35 


5.28 


7,514.6514 5 


4sn 


4p o 


1«4 


2p h 


5.22 


5.07 


7,635.1056 5 


4s 12 


4^12 


ls 6 


2p 6 


5 53 


5.36 


7,723.7599 5 


4Si2 


4pn 


1*6 


2p 7 


5.44 


5.19 


7,891.07775 


4?>i2 


4di2 


2p 6 


4d 3 


3.60 




7,948.1755 5 


4s 00 


4p'ii 


1*3 


2p 4 


5.13 


5.13 


8,006.1566 5 


4sn 


4pi2 


1*4 


2p 6 


5.23 


5.06 


8,014.7853 5 


4Si2 


4^22 


1*5 


2p 8 


5.30 


5.29 


8,103.6920 5 


4sn 


4pn 


1*4 


2p 7 


5.31 


5.30 


8,115.3108 5 


4Si2 


4p 2 3 


lS 6 


2p» 


5.58 


5.59 


8,264.52215 


4soi 


4pii 


IS2 


2p 2 


5.28 


5.07 


8,408.2094 5 


4So! 


Vit 


IS2 


2p 3 


5.36 


5.35 


8,424.6473 5 


4sn 


4/>22 


1*4 


2p 8 


5.35 


5.48 


8,521.4428 5 


4sJi 


4pn 


IS2 


2p 4 


5.18 


5.09 


8,605.7790 5 


4p'i 2 


4d 12 


2p 3 


4d 3 






8,620.4602 5 


4p o 


4d i 


2p b 


4d 6 






8,667.9438 5 


4$oo 


4pu 


ls 3 


2p 7 


4.52 


4.64 


8,761.6907 5 


4?>oi 


4di2 


2p 2 


4d 3 






8,799.082 5 


±Vu 


4doi 


2p 3 


4d 5 






9,122.9660 5 


4« 12 


4p i 


IS5 


2pio 




5.58 


9,194.637 5 


4p i 


5s 00 


2pio 


2s 2 






9,224.4955 5 


4«oi 


4pi2 


lS2 


2p 6 




5.19 


9,354.218 M 


4«oi 


4pn 


IS2 


2p 7 




4.18 


9,657.7841 M 


4s„ 


4p i 


lS 4 


2pio 




5.36 


9,784. 5010 ,M 


4soi 


4^22 


lS2 


2p 8 




4.72 


10,470.051 M 


4*oo 


4p i 


lS3 


2pio 
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Fig. 7g-2. Photoelectric traces of the argon spectrum, microwave discharge at 6.5 mm 
pressure. Wavelength range is 3,500-10,000 A. 
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Fig. 7g-2 (Continued) 
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Fig. 7g-2 (Continued) 
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Fig. 7g-2 (Continued) 
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Fig. 7g-2 (Continued) 

Krypton I. Notation and arrangement of Table 7g-4 are similar to those of the 
Tables 7g-2 and 7g-3. 

Wavelengths 

All values given to 8 significant figures are interferometric values. 

S t International secondary standard 1 

L, Littlefield, Proc. Roy. Soc. (London), ser. A, 187, 220 (1946) 

1 Trans. Intern. Astron. Union 5, 87 (1935). 
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X 


Classification 


U 


log h 


4,273.9700 £ 


5«i2 


6^12 


1,000 


5.573 


4,282.9683 5 


5Si2 


6pji 


100 


4.540 


4,286.4873 5 


5s o 


6pii 


40 


4.039 


4,300.4877 5 


5«oo 


6pii 


50 


3.812 


4,318.5525 5 


5Si2 


6??22 


400V 


5.66 


4,319.5797 5 


55i2 


6^23 


1,000J 




4,351.3607 5 


5* 01 


6?oo 


100 


3.938 


4,362.6423 5 


5s 12 


6poi 


500 


4.958 


4,376.1220 5 


5sn 


6poo 


800 


5.208 


! 4,399.9670 5 


5*« 


6Pl2 


200 


4.430 


4,410.369 


5s 01 


6Poi 


50 


3.440 


4,418.769 


5s 01 


5/22 


50 


3.391 


4,425.1909 


5s 01 


6pn 


100 


3.874 


4,453.9179 5 


5sn 


6^12 


600 


5.027 


4,463.6902 5 


5sn 


6pu 


800 


5.252 


4,502 35475 


5«n 


6?)22 


600 


5.117 


4,550.298 


5sn 


6poi 


40 


3.210 


4,812.607 


5s 00 


4/11 


40 


3.611 


4,969.08 


5s' 0l 


4/l2 


20 


3.560 


5,490.94 


5poi 


7^12 


50 


3.903 


5,500.71 


5poi 


7doi 


50 


3.924 


5,520.62 


5^23 


8^34 


40 


3.757 


5,562.2257 5 


5«i2 


5?>'i2 


500 


5.338 


5,570.2895 5 


5Si2 


5/4 


2,000 


5.937 


5,580.3890 L 


5s 01 


6poo 


80 


4.399 


5,649.5629 5 


5Soo 


6poi 


100 


4.518 


5,672.4514 L 


5«12 


Vn 


50 


3.993 


5,707.5128 L 


5s 01 


6??12 


40 


3.800 


5,824.50 


5^22 


7^33 


40 


4.032 


5,827.07 


5poi 


8*12 


20 


3.833 


5,832.8600 L 


5??23 


7^34 


100 


4.345 


5,866.7514 L 


5a 01 


6poi 


50 




5,870.9158 5 


5sn 


5pj 2 


3,000 


6.040 


5,879.9004 L 


5«n 


5Poi 


50 


4.696 


5,993.8503 5 


55ii 


Vn 


60 


4.618 


6,012. 1570 L 


5poi 

5pl2 


6di2 

9*12 


50 


4.550 


6,035.82 


5pn 


7^22 


15 


3.707 


6,056. 1274 L 


5poi 


6d i 


60 


4.617 


6,075.24 


5pi2 


Idiz 


20 


3.780 


6,082.8630 h 

■ ■ . .. 


PPoi 


Qdoo 


40 


4.292 
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Table 7g-4. The Spectrum of Krypton I (Continued) 



X 


Classification 


/o 


log II 


6,151.38 


5^12 


7di2 


20 


3.798 


6,222.71 


5^22 


8sn 


20 


3.865 


6,236.3520 L 


5j>23 


8Si2 


30 


4.140 


6,346.66 


5p23 


6<2 2 3 


20 


3.795 


6,373.58 


5p22 


6C?22 


30 


4.027 


6,421.0285 L 


5j>22 


Qdn 


100 


4.900 


6,456.2910 L 


5^23 


6d 3 4 


200 


5.103 


6,576.42 


5^12 


8S12 


20 


3.799 


6,652.24 


5pn 


6(^22 


40 


4.351 


6,699.23 


5pi2 


6^23 


60 


4.474 


6,740.10 


5pn 


6^12 


20 


3.75 


6,813.10 


5pi2 


6^12 


50 


4.466 


6,846.40 


5poi 


7s n 


20 


3.83 


6,869.63 


5^12 


6doi 


20 


4.025 


6,904.68 


5poi 


7si 2 


100 


5.029 


7,224.109 


5poi 


5di2 


100 


5.090 


7,287.262 


5poi 


Gs 0l 


80 


4.966 


7,425.54 


5^22 


7sn 


60 


4.707 


7,486.850 


5poi 

5^23 


6«oo I 

7«12 J 


100 


5.119 


7,493.58 


5^22 


5dn 


20] 


4.692 


7,494.15 


5^22 


7«12 


30J 




7,587.4135 


5su 


5poo 


1,000 


6.357 


7,601.5465 


5Si2 


5pi2 


2,000 


6.908 


7,685.2472 


5^0! 


5p'oo 


1,000 


6.369 


7,694.5401 


5«12 


5pn 


1,200 


6.507 


7,741.39 


5^23 


5C?23 


40 


4.340 


7,746.831 


5poi 


5doo 


150 


5.317 


7,776.28 


5^22 


5(^22 


40 


4.509 


7,806.52 


5pn 


7su 


50 


4.536 


7,854.823 


OSqq 


5>oi 


800 


6.448 


7,863.91 


5^)23 


5^12 


20 


4.250 


7,881.76 


5pn 


5du 


30 


4.318 


7,904.62 


5^12 


7sn 


30 


4.17 


7,913.443 


5poi 


5doi 


200 


5.536 


7,920.47 


5/?23 


5<#33 


40 


4.38 


7,928.602 


5p22 


5^33 


180 


5.458 


7,946.99 


5??22 


6«oi 


20 


4.05 


7,982.42 


5^12 


7Si2 


100 


4.826 


8,059.5053 


5s 00 


Vn 


1,500 


6.422 


8,104.3660 


5Si2 


5^22 


4,000 


6.813 
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Table 7g-4. The Spectrum of Krypton I (Continued) 
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X 


Classification 


/o 


log h 


8,112.9023 


5«12 


5p23 


6,000 


6.994 


8,190.0570 


5sn 


5pi2 


3,000 


6.682 


8,218.40 


4di2 


6/22 


80 


3.99 


8,263.2412 


5s 01 


Vl2 


3,000 


6.764 


8,272.36 


5p« 


5daa 


100 


5.171 


. 8,281.05 


5s 01 


5pii 


1,500 


6.450 


8,298.1091 


5sn 


5pn 


5,000 


6.857 


8,412.45 


5pio 


5di2 


100 


4.746 


8,498.21 


5pio 


6Soj 


30 


4.16 


8,508.8736 


5s 01 


Vn 


3,000 


6.537 


8,537.93 


4d o 


5/h 


40 


4.17 


8,560.89 


5poo 


7su 


50 


4.22 


8,569.02 


4doo 


ton 


20 


3.85 


8,605.85 


4<* 33 


6/45 


40 


4.16 


8,697.50 


5p 2 2 


5doi 


40 


4.341 


8,755.20 


4d i 


5/22 


30 


4.13 


8,764.09 


5^23 


4^3 


150 


5.149 


8,776.7498 


5sn 


5/>22 


6,000 


6.941 


8,805.78 


4<2 i 


6p'n 


20 


3.78 


8,928.6934 


5«12 


5poi 


2,000 


6.893 


8,967.53 


5?>28 


4^2 


10 


3.95 


8,977.99 


5^22 


4^22 


50 


4.925 


8,999.19 


5pn 


5doo 


30 


4.528 


9,094.33 


4(^22 


6/, 


4/i 


3.94 


9,111.69 


5^23 


4<& 


20 


4.27 


9,122.49 


5^22 


4<4 


20 


4.32 


9,243.54 






30 


4.783 


9,270.96 


4^12 


6/„ 


10 


4.38 


9,326.03 


4d 3 4 


5/3 


10 


4.17 


9,352.23 


4<*34 


5/4 


100 


5.122 


9,362.03 


5pi2 


5doi 


100 


5.181 


9,450.88 


5^12 


4^23 


20 


4.44 


9,540.89 


5pn 


4d 22 


30 


4.72 


9,687.83 


5^12 


4(^22 


10 


4.06 


9,704.22 


5pn 


4a 12 


50 


5.00 


9,714.85 


4d 3 3 


5/3 


15 


2.26 


9,743.11 


4d 3 3 


5/44 


50 


4.990 


9,751.74 


5sn 


5p i 


2,000 


6.545 


9,856.24 


5/?i2 


4»12 


500 


5.677 


11,819.43 


5poi 


6S12 


2,000 
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Table 7g-4. The Spectrum of Krypton I (Continued) 



X 


Classification 


/o 


log II 


12,204.39 


4<*34 


4/45 


700 




12,879.00 


Adn 


4/44 


500 




13,177.38 


5^22 


6sn 


850 




13,622.28 


5j?22 


4dii 


800 




13,634.22 


5j>23 


6«i2 


1,700 




14,426.93 


5pn 


6sn 


1,100 


. 


14,734.46 


5p 23 


4d 2 3 


900 




15,239.85 


5?>22 


4^22 


900 




15,335.29 


5poi 


4^12 


850 




16,784.65 


5p*t 


4^23 


950 




16,890.40 


5^22 


4d 33 


1,000 




16,896.58 


5poi 


4d i 


700 




16,935.71 


5pii 


4^22 


800 




18,167.12 


5/)23 


4d 3 4 


1,500 





Wavelengths not followed by a capital letter and all h values are taken from the three 
following sources: 

4,273 to 7,601 A: Meggers, deBruin, and Humphreys, J. Research Natl. Bur. 

Standards 7,643(1931) 

7,685 to 9,856 A: Meggers and Humphreys, J. Research Natl Bur. Standards 10, 

443^ (1933) a . , 

11,792 to 18,167 A: Humphreys and Kostkowski, J. Research Natl. Bur. Standards 

49,73(1952) .' . . 

7 lf intensity in a microwave discharge at 1.6 mm pressure. This ^approximately 
the vapor pressure of krypton at the temperature of liquid nitrogen (77°K) . Immers- 
ing a discharge tube with krypton at a room-temperature pressure of more than 7 mm 
in liquid nitrogen will keep the pressure very steady at about 1.6 mm and therefore 
will produce very constant intensities. 
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Fig. 7g-3. Photoelectric traces of the krypton spectrum, microwave discharge at 1.6 mm 
pressure. Wavelength range is 3,500-10,000 A. 
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Fig. 7g-3 {Continued) 
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Fig. 7g-3 (Continued) 
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Fig. 7g-3 (Continued) 
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Fig. 7g-3 (Continued) 
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Fig. 7g-3 (Continued) 

Xenon I. Wavelengths in Table 7g-5 are from Humphreys and Meggers 1 and 
Humphreys and Kostkowski 2 (above 11,000 A). Notation is the same as for Ne I 
and A 1. 

Intensities are as follows: I , conventional estimates quoted from the literature; 
Ji, microwave discharge, pressure of 0.002 mm; 7 2 , same, p = 0.07 mm; h, same, 
p = 16 mm; J 4 , d-c glow discharge, p = 4.1 mm. 3 

For significance of the intensity scale, see Table 7g-2. 

i C. V. Humphreys and W. F. Meggers, /. Research Natl. Bur. Standards 10, 139 (1933). 

2 Humphreys and Kostkowski, J. Research Natl. Bur. Standards 49, 73 (1952). 

3 The Ii to L intensities were measured by M. Thekaekara, S.J. 
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Table 7g-5. The Spectrum of Xenon I 



7^-75 



Wavelength 


Classification 


,. 


log/i 


log 7 2 


log /, 


log I A 


3,685.90 


6S12 


9pi2 


40 










3,693.49 


6«12 


9/)23 


40 










3,745.38 


6sn 


6/l2 


10 










3,796.30 


6S12 


5/23 


40 










3,948.163 


6 5ll 


5/ 12 


60 


3.06 


3.70 


2.89 


2.32 


3,950.925 


6S12 


8pi2 


120 


3.86 


4.55 


3.62 


3.21 


3,967.541 


6Si2 


8^23 


200 


3.94 


4.66 


3.74 


3 . 34 


3,974.417 


6«12 


8??22 


40 


3.02 


3.70 


2.71 


2.34 


3,985.202 


6S12 


8poi 


30 


2.91 


3.60 


2.65 


2 . 26 


4,078.8207 


6s n 


8p6o 


100 


4.06 


4.32 


3.40 


2.76 


4,109.7093 


6sn 


83012 


60 


3.33 


4.00 


3.05 


2.66 


4,116.1151 


6sn 


s Pll 


80 


3.56 


4.17 


3.23 


2.71 


4,135.1337 


6sn 


Sp 2 2 


20 


2.66 


3.31 






4,193.5296 


6S12 


4/23 


150 


3.62 


4.51 


3.54 


3.25 


4,203.6945 


6«12 


4/ 12 


50 


2.91 


4.01 






4,205.404 


6«12 


4/11 


10 




3.02 






4,372.287 


6sn 


4/22 


20 










4,383.9092 


6sn 


4/12 


100 


3.08 


4.13 


3.12 


2.83 


4,385.7693 


6su 


4/11 


70 




2.80 


2.82 


2.55 


4,500.9772 


6S12 


6>oi 


500 


4.06 


5.13 


4.23 


2.98 


4,524.6805 


6S12 


6p| 2 


400 


3.97 


4.85 


3.96 


3 64 


4,582.7474 


6s u 


6P00 


300 


4.16 


4.66 


3.68 


3.42 


4,611.8896 


6S12 


7pn 


100 


2.86 


3.86 


2.84 


2.61 


4,624.2757 


6s 12 


7pi2 


1,000 


4.76 


5.61 


4.72 


4.44 


4,671.226 


6«12 


7??23 


2,000 


4.98 


5.81 


4.99 


4.70 


4,690.9711 


6«i2 


6p'„ 


100 


3.29 


4.46 


3.43 


3 25 


4,697.020 


6S12 


7^22 


300 


4.21 


5.17 


4.13 


3.92 


4,734.1524 


6sn 


6p'it 


600 


4.25 


5.27 


4.39 


4.10 


4,792.6192 


6«12 


7poi 


150 


3.48 


4.32 


3.29 


3.12 


4,807.019 


6sn 


7poo 


500 


4.52 


5.31 


4.35 


4.12 


4,829.709 


6sn 


7pu 


400 


4.27 


5.19 


4.21 


3.97 


4,843.294 


6sn 


7pi2 


300 


4.50 


5.06 


4.07 


3.84 


4,916.508 


6su 


6Pn 


500 


4.04 


5.15 


4.16 


3.95 


4,923.1522 


6sn 


7p 2 2 


500 


4.30 


5.22 


4.21 


3.99 


5,028.2796 


6sn 


7poi 


200 


3.54 


4.52 


3.42 


3.25 


5,162.711 


6«00 


7/11 


10 


2.86 


3.30 


3.12 




5,362.244 


6poi 


lOdoi 


15V 
30/ 










5,364.626 


6poi 


10dn 


2.97 


3.24 


3.20 




5,392.795 


6sqo 


6/11 


100 V 
20/ 










5,394.738 


6poi 


7*ii 


3.31 


3.86 


3.35 


2.46 
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Table 7g-5. The Spectrum of Xenon I (Continued) 



Wavelength 


Classification 


h 


log h 


log I2 


log h 


log h 


5,439.923 


6s 01 


7/l2. 


30 


3.65 


3.49 


3.21 


2.03 


5,460.037 


6p i 


11S12 


15 


3.23 


3.12 


2.81 




5,488.555 


6^22 


11^33 


20ft 


2.85 


3.22 


3.56 




5,552.385 


6p i 


9^12 


80 


3.32 


3.78 


3.48 


2.42 


5,566.615 


6poi 


9rfoi 


100 


3.41 


3.86 


3.52 


2.10 


5,581.784 


6p i 


9doo 


50 


3.13 


3.53 


3.52 




5,618.878 


6p 2 2 


10dn 


80 


3.21 


3.60 


3.61 


2.21 


5,688.373 


6sox 


6/22 


40 


2.97 


3.41 


2.84 




5,695.750 


64 


6/12 


100 1 
80/ 


3.61 


4.06 


3.50 


2.62 


5,696.479 


6sqi 


6/n 










5,715.716 


6p i 


IOS12 


70 1 
80/ 


3.56 


4.00 


3.83 


2.57 


5,716.252 


6^23 


10^34 










5,807.311 


6??22 


9C?23 


15 


2.39 


2.93 


2.67 




5,814.505 


6??22 


9^22 


60 


3.16 


3.58 


3.31 


2.16 


5,823.890 


6s o 


5/ll 


300 


3.96 


4.65 


4.08 


3.23 


5,824.800 


6^22 


9^33 


150 










5-, 856. 509 


6poi 


8^22 


15 


2.61 


3.21 


2.81 




5,875.018 


6p i 


8di2 


100 


4.03 


5.41 


3.77 


2.98 


5,894.988 


6p i 


Sdoi 


100 


3.92 


4.44 


3.85 


3.02 


5,904.462 


6^23 


9^23 


20 


3.15 


3.42 


3.16 




5,922.550 


6^23 


9d 33 


20 


3.02 


3.52 


3.23 




5,931.241 


6p i 


Sdoo 


80 1 
100/ 


3.83 


4.32 


4.05 


2.95 


5,934.172 


6^23 


9d 34 










5,974.152 


6^12 


10<*23 


40 


3.50 


3.42 


3.57 




5,989.18 


6??12 


10c?i2 


20 


2.90 


3.19 


3.17 




5,998.115 


6??22 


lOsn 


30 


3.17 


3.51 


3.12 




6,007.909 


6^22 


IOS12 


15 


2.87 


3.20 


2.79 




6,111.759 


6pn 


9^22 


30) 
40/ 


3.63 




3.72 


2.56 


6,111.951 


6?>23 


IOS12 










6,152.069 


6^22 


8^23 


20 




3.46 






6,163.660 


6??22 


8^22 


90) 
80/ 


3.95 




3.85 


3.07 


6,163.935 


6$ox 


5/22 










6,178.302 


6So! 


5/l2 


150 V 
120/ 


3.99 




3.95 


3.28 


6,179.665 


6sqi 


5/lI •■ ■ 










6,182.420 


6^22 


8^33 


300 


4.19 




4.19 


3.42 


6,189.10 


6p i 


9sn 


20 


2.89 


3.43 


3.16 




6,198.260 


6p i 


9s 12 


100 \ 
60j 


3.72 


3.64 


3.72 


3.01 


6,200.890 


6??12 


9(^23 










6,206.297 


6^22 


Sdoi 


20 


3.18 




3.27 




6,224.169 


6?>12 


9<2 12 


40 




3.67 


3.39 


1 
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Wavelength 


Classification 


/o 


log h 


log J 2 


log h 


log 1 4 


6,261.212 


6/>23 


8^23 


50 


3.39 


4.03 


3.45 




6,265.301 


6sqo 


Spoi 


40 


3.18 


3.87 


2.96 




6,286.011 


5^34* 


8/45 


100 


3.34 


3.82 


3.84 




6,292.649 


6^23 


8d 3 3 


50 


3.43 


4.06 


3.47 




6,318.062 


6/?23 


8^34 


500 


4.34 


4.93 


4.42 


3.66 


6,430.155 


6/)l2 


IOS12 


20 




3.44 






6,469.705 


6poi 


7di2 


300 


4.15 


4.92 


4.05 


3.56 


6,472.841 


6poi 


7dn 


150 


3.92 


4.57 


3.70 


3.20 


6,487.765 


6poi 


7d 2 2 


120 


3.90 


4.59 


3.72 


3.22 


6,497.43 


5^34 


7/ 33 


30W 










6,498.718 


6pn 


8^22 


100 


3.90 


4.44 


3.89 


3.09 


6,504.18 


6soi 


8poo 


200h 


3.82 


4.37 


4.16 


3.05 


6,521.508 


6pn 


8^12 


40 


3.30 


3.88 


3.25 




6,533.159 


6/?22 


9sn 


100 




4.32 


3.56 




6,543.360 


6?>22 


9512 


40 


3.78 


3.95 






6,554.196 


bd\2 


7/23 


50hl 


3.54 


4.02 


3.78 




6,595.561 


6pi2 


8^23 


100 


4.08 


4.61 


4.05 


3.20 


6,632.464 


6pi2 


8^12 


50 


3.76 


4.32 


3.73 




6,666.965 


6p 23 


9Si2 


601 
150/ 










6,668.920 


6p i 


7doo 


4.26 


5.03 


4.19 


3.69 


6,678.972 


Qs 01 


8p i 


25 


3.49 


4.12 






6,681.036 


5doo 


6/11 


20 










6,728.008 


6poi 


7d i 


200 


4.48 


5.22 


4.34 


3.85 


6,777.57 


5doi 


6/12 


501 
40/ 










6,778.60 


5doi 


6/n 


3.86 


4.32 


3.85 


2.96 


6,827.315 


6s o 


4/n 


200 


3.91 


4.12 


4.27 


3.83 


6,846.613 


6^22 


7d» 


60 


3.95 


4.72 


4.03 


3.45 


6,866.838 


6^22 


7C?22 


50 


3.87 


4.56 






6,872.107 


5^34 


6/ 45 


100 


4.19 


4.84 


4.52 


3.58 


6,882.155 


6/?22 


7rf 3 3 


300 


4.77 


5.41 


4.68 


4.14 


6,925.53 


5di2 


6/23 


100 


3.97 


4.51 


3.88 


3.25 


6,976.182 


6?)23 


7^23 


100 


4.07 


4.93 


3.99 


3.52 


7,119.598 


6^23 


7d 3 4 


500 


4.91 


5.62 


4.92 


4.43 


7,257.94 


5C?33 


6/44 


60 


4.07 


4.73 


4.07 


3.39 


7,262.54 


6p n 


7^12 


20 


4.02 


4.70 


3.83 


3.26 


7,266.49 


6pn 


7d„- 


25 




4.60 






7,283.961 


6«oi 


4/ 22 


401 
60/ 










7,285.301 


6pn 


7^22 


4.61 


5.33 


4.50 


4.00 


7,316.272 


6sqi 


4/ 12 


70 


4.09 


5.07 


4.35 


3.83 


7,321.452 


6s oi 


4/n 


80 


.... 


5.00 
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Wavelength 


Classification 


h 


log Ii 


log 1 2 


log h 


log It 


7,336.480 


6?>22 


5tt23 


50 


4.57 


5.02 


3.97 


3.56 


7,355.58 


5doo 


5/n 


40 


3.80 


5.63 


3.79 


3.26 


7,386.002 


6p i 


8S12 


100 


4.26 


5.1£ 


4.27 


3.85 


7,393.793 


6pi2 


7^23 


150 


4.49 


5.30 


4.46 


3.96 


7,400.41 


6?)12 


7di2 


30 


4.05 


4.80 


3.89 


3.46 


7,451.00 


5d i 


5/22 


25 


3.69 


4.46 




3.05 


7,472.01 


5doi 


5/12 


40 


4.37 


4.94 


4.19 


3.65 


-7,474.01 


5doi 


5/11 


25 










7,492.23 


6^23 


oa 2 3 


20 


4.18 


4.65 


3.64 


3.27 


7,559.79 


5dzi 


5/33 


40 


3.76 


4.72 


3.88 


3.35 


7,584.680 


5^34 


5/45 


200 


4.59 


5.42 


4.86 


4.28 


7,642.025 


6sq 


6P01 


5001 
100/ 


4.98 


5.92 


5.36 


4.88 


7,643.91 


5di2 


5/33 










7,664.56 


5^12 


5/i2 


30 


4.26 


4.83 


4.00 


3.47 


7,740.31 


6^12 


7rfoi 


40 


3.87 


4.59 


3.67 


3.17 


7,783.66 


5^22 


6/33 


50 


3.90 


4.55 


3.84 


3.17 


7,802.651 


6^22 


8su 


100 


4.31 


5.19 


4.33 


3.89 


7,881.320 


6^22 


8S12 


100 




4.73 




3.45 


7,887.395 


6Soi 


6pi 


300 


5.20 


5.66 


4.90 


4.45 


7,937.41 


6p o 


7dn 


40 


3.75 


4.42 


3.50 


3.05 


7,967.341 


6soo 


7pn 


500 


4.82 


5.45 


4.97 


4.53 


8,029.67 


5C?33 


5/33 


100 


3.95 


4.85 


3.79 


3.46 


8,057.258 


5dzz 


5/44 


200 


4.55 


5.33 


4.67 


4.10 


8,061.340 


6]?23 


8S12 


150 


4.53 


5.38 


4.55 


4.12 


8,101.98 


5(^23 


6/33 


100 


3.92 


4.71 


3.93 


3.25 


8,171.02 


5doi 


8^22 


100 


4.52 


4.97 


4.01 


3 55 


8,206.341 


6sJo 


6Pu 


700 


4.85 


6.01 


5.20 


4.85 


8,231.6348 


6S12 


6/>12 


10,000 


5.66 


7.16 


6.87 


6.37 


8,266.519 


6Sq! 


6pii 


500 


4.75 


5.93 


5.20 


4.72 


8,280.1163 


6su 


6poo 


7,000 


5.99 


6.73 


6.71 


6.21 


8,346.823 


6s 01 


6 P ; 2 


2,000 


5.50 


6.36 


5.82 


5.29 


8,409.190 


6Si2 


6pn 


2,000 


4.96 


6.60 


6.01 


5.63 


8,522.55 


6«io 


7poo 


30 


3.69 


4.72 


3.69 


3.28 


8,530.10 


Qpn 


8sn 


30 


3.79 


4.74 


3.83 


3.39 


8,576.01 


6s 01 


7p o 


200 


4.38 


5.26 


4.42 


3.98 


{ 8,624.24 


6pi2 


8S12 


80 


4.07 


5.00 


4.10 


3.65 


8,648.54 


6sqi 


7pn 


250 


4.65 


5.56 


4.77 


4.32 


8,692.20 
8,696.86 


6Sox 
5c?22 


7^12 

5/33 


100 1 
200/ 


4.47 


5.13 
5.19 


4.31 
4.46 


3.87 
3.86 


8,709.64 


5(^22 


5/22 


40 


3.93 




3.84 


, 



IMPORTANT ATOMIC SPECTRA 
Table 7g-5. The Spectrum of Xenon I (Continued) 



7-79 



Wavelength 


Classification 


/o 


log 1 1 


log h 


log / 3 


log 1 4 


8,739.39 


6poi 


6di2 


300 


4.99 


6.03 


5.22 


4.80 


8,758.20 


6^22 


6^23 


100 


4.13 


5.35 


4.8 


4.01 


8,819.412 


6S12 


6^23 


5,000 


5.75 




7.02 


6.51 


8,862.32 


6/>oi 


6d i 


300 


5.10 


6.17 


5.44 


4.99 


8,908.73 


6poi 


6doo 


200 


4.76 


5.94 


5.12 


4.71 


8,930.83 


6«oi 


\6Pn 


200 


4.93 


6.02 


5.25 


4.74 


8,952.254 


6s u 


6^12 


1,000 


5.92 


6.76 


6.72 


6.23 


8,981.05 


6^23 


6^23 


100 


4.34 


5.61 


4.61 


4.23 


8,987.57 


6^22 


6^22 


200 


4.73 


5.82 


5.00 


4.55 


9,025.98 


6pn 


6dn 


30 


4.58 


5.25 


4.38 


3.87 


9,032.18 


5c?oo 


4/n 


50 


4.49 


5.36 


4.69 


4.14 


9,045.446 


6S12 


6/)22 


400 


5.60 


6.00 


5.73 


5.28 


9,096.13 


5^23 


5/33 


50 


4.39 


5.32 


4.53 


3.98 


9,152.12 


5do\ 


4/ 22 


20 


4.16 


5.30 






9,162.654 


6sn 


6p u 


500 


5.97 


6.93 


6.94 


6.39 


9,167.52 


6^22 


6^33 


100 




6.22 






9,203.20 


5doi 


4/12 


30 


4.60 


5.67 


4.88 


4.36 


9,211.38 


5do\ 


4/11 


25 


4.21 


5.40 


4.73 


4.06 


9,301.95 


5^34 


4/33 


30 




5.46 


4.73 


4.20 


9,306.64 


6*oi 


7poi 


40 


4.74 


5.59 


4.75 


4.33 


9,374.76 


5^34 


4/45 


100 


4.86 


5.66 


5.61 


5.08 


9,412.01 


6^23 


6^33 


60 


4.66 


5.10 


5.05 


4.56 


9,445.34 


5^12 


4/23 


80 


4.81 


5.86 


5.31 


4.77 


9,497.07 


5di2 


4/i 2 


40 


4.40 


5.50 


4.71 


4.19 


9,513.379 


6pj 3 


6C?34 


200 


5.48 


6,30 


5.91 


5.41 


9,585.14 


6/>22 


6doi 


20 


3.95 




4.27 


3.77 


9,685.32 


6^12 


6^23 


150 


5.04 


6.04 


5.40 


4.88 


9,700.99 


6^23 


6^12 


20 


4.14 


6.00 


4.31 


3.82 


9,718.16 


Qpn 


6C?22 


100 


5.04 


6.95 


5.31 


4.80 


9,799.699 


6*12 


6poi 


2,000 


5.79 


6.78 


7.00 


6.49 


9,923.192 


6«n 


67)22 


3,000 


6.19 




7.03 


6.51 


10,023.72 


5di2 


4/33 


50 


4.49 




4.85 


4.39 


10,107.34 


5d\2 


4/44 


80 










10,838.34 


6*u 


6poi 


1,000 










11,742.26 


5^23 


4/34 


90 










12,623.32 


6poi 


7*12 


300 










13,656.48 


6?>22 


7«n 


150 










14,142.09 


6/?22 


7Si2 


80 










14,732.38 


6^23 


7Si2 


200 










15,418.01 


6pn 


7*11 


1*0 
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Fig. 7g-4. Photoelectric traces of the xenon spectrum, microwave discharges at 16 mm 
(upper traces) and 0.002 mm (lower traces). Wavelength range is 3,500-10,000 A. The 
16-mm trace shows the Xe I spectrum with the lines broadened. The strongest lines in 
the 0.002-mm trace are those for Xe II. 
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Fig. 7g-4 (Continued) 
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Fig. 7g-4 (Continued) 
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Fig, 7g-4 (Continued) 
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Fig. 7g-4 (Continued) 
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Fig. 7g-4 {Continued) 
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Fig. 7g-4 {Continued) 
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Fig. 7g-4 {Continued) 
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Fig. 7g-4 {Continued) 
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Fig. 7g-4 {Continued) 
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Fig. 7g-4 (Continued) 
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Fig. 7g-4 {Continued) 

Iron I. The lines of the iron spectrum are extensively used as wavelength standards 
and may be used equally well as intensity standards. The traditional iron arc in air 
no longer satisfies the demands on accuracy and convenience because the lines are 
relatively broad, the wavelengths are not constant, and the arc cannot be made to burn 
steadily. A hollow-cathode discharge 1 with iron electrodes and neon at about 3 mm 
pressure is much superior. Microwave discharges 2 with volatile iron salts in a rare 
gas also give very sharp lines but are less suitable for providing intensity standards. 

1 Crosswhite, Dieke, and Legagneur, J. Opt. Soc. Am. 45, 270 (1955). 

2 W. F. Meggers and F. O. Westfall, J. Research Natl. Bur. Standard* 44, 447 (1950). 
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Accurate wavelengths measurements by several independent investigators are 
available for many iron lines, and these have been adopted as international secondary 
standards 1 (marked S in the table). Many other lines are unsuitable as standards 
because their wavelengths are not constant. These ordinarily come from high-lying 
excited states. 

No such difficulties are encountered with the hollow-cathode discharge. At the 
present time, however, not enough measurements have been made to qualify any line 
as an international standard and there are some contradictory results. The values 
given in column X2 may be considered accurate in general to better than 0.001. As 
there is a systematic shift between the wavelengths of the low-pressure discharges 
and those of the arc in air, the arc wavelengths should not be used for the hollow- 
cathode discharge and vice versa. More and improved wavelengths for column X 2 
may be expected in the near future. 

Explanation of Table 7g-6. column Xi: Wavelengths of the iron arc in air taken 
from the compilation of Russell and Moore. 2 S signifies international standard. 

column X2: Wavelengths of the hollow-cathode discharge: L, J. Blackie and T. 
Littlefield 3 measured with the reflecting echelon; H, measured at The Johns Hopkins 
University 4 with the Fabry-Perot interferometer; W, Williams and Middleton 5 
vacuum echelon. Values shown in parentheses have been obtained from the arc 
values Xi by applying the pressure correction. The remaining values in column \ 2 are 
taken from Johns Hopkins Spectroscopic Report No. 13 (1956). 

classification : Standard L, S coupling notation 2 E' energy of the upper state above 
the ground state in wave numbers. For more accurate values, see Moore. 6 

intensity columns: log J2, quantitative intensities of a standard hollow-cathode 
discharge in neon at 3.5 mm pressure, current 90 ma. 7 Values with three decimals are 
photoelectric measurements, those with two decimals photographic measurement with 
photoelectric calibration. Sensitivity calibration above 3,150 A, standard tungsten 
ribbon-filament lamp calibrated by the National Bureau of Standards; between 2,700 
and 3,150 A, indirect calibration through self -absorption behavior; below 2,700, 
extrapolated. The scale in the log h column is the same as for neon and argon (see 
Table 7g-2). 

log 7 3 , iron arc in air, current 1 amp, photographic measurements on arbitrary scale. 
Sensitivity correction as for h. r, self -reversal between 10 and 30 per cent; R, same, 
larger than 30 per cent. 

log 7 4 , iron arc in air, current 2.2 amp photoelectric measurement; otherwise same 
as h. 

log pA v , absolute line emissive power in units of microergs per second per excited 
atom. Derived from measurements of Crosswhite 8 except the values in parentheses, 
which are from measurements by King, 9 King and King, 10 and Carter. 11 

1 Russell and Moore, Trans. Am. Phil. Soc. 34, 113 (1944); Trans. Intern. Astron. Union 
3, 186 (1928); 4, 234 (1932); 6, 79 (1938); 5, 84 (1935); 7, 146 (1949); 6, 80 (1938). 

2 Russell and Moore, loc. cit. (1944). 

3 J. Blackie and T. A. Littlefield, Proc. Roy. Soc. (London) 234, 398 (1956). 

4 Stanley and G. H. Dieke, J. Opt. Soc. Am. 45, 280 (1955). 

5 Williams and Middleton, Proc. Roy. Soc. (London) 172, 159 (1939). 

6 Moore, "Atomic Energy Levels," vol. II, 1952. 

7 Unpublished measurements by Crosswhite. 

8 Dissertation, The Johns Hopkins University, and unpublished data. 

9 King, Astrophys. J. 95, 78 (1942). 

10 King and King, Astrophys. J. 87, 24 (1938). 

11 Carter, Phys. Rev. 76, 962 (1949). 



IMPORTANT ATOMIC SPECTRA 
Table 7g-6. The Spectrum of Iron I 



7~£ 



2,408.045 
2,443.871 
2,447.708 S 
2,457.596 
2,462.645 

2,465.148 
2,468.878 
2,472.343 

2,472.910 
2,473.156 

2,474.813 
2,479.775 
2,483.270 
2,483.531 
2,484.186 

2,486.372 
2,488.143 
2,489.751 
2,490.642 
2,491.155 

2,496.532 
2,501.130 
2,507.899 
2,510.833 
2,512.361 

2,517.658 
2,518.100 
2,522.848 
2,524.290 
2,527.433 

2,529.134 
2,535.604 
2,540.971 
2,542.101 
2,543.920 

2,545.977 
2,549.612 
2,576.688 
2,584.536 S 
2,599.565 

2,605.656 
2,606.826 
2,612.771 
2,623.532 
2,635.808 S 

2,643.997 
2,666.811 
2,679.062 S 
2,689.212 S 
2,699.107 S 



X 2 



.872 
(.707) 
.5975L 
.648 



.149 
.879 



.895 



.814 
.776 
.271 



.143 



.644 
.155 



.533 
. 1326 L 



.835 



.102 
.849 
.293 
.435 

.135 
.608 
.9719 L 



.9789 h 
.6140L 
.6907 L 
.5364 L 



.657 

.82701, 

.772 

.8096 1, 

.998 

.0622Z, 
.2131 L 
(.105) 



Classification 



a*F, 
o 5 F 6 
o5Z> 4 
o 5 F 6 
a 5 £>4 

a*F< 
a*Fi 
a*Fi 
a*F 6 
a*Di 
a*Di 

a 5 F, 
a*Dz 
a*Di 
a*F t 
a*Di 

a*D< 
a*D% 
a*Do 

a*Di 

a*F* 
a*Dt 
a*F, 
a*D% 
a*D, 

a*Fi 

a 6 Z>i 
a 5 Z>i 
a*D% 

a*D* 
a*D 9 
a*Di 
b*Ft 
b*Fz 

a*D 2 
a*Dz 
a*F 6 
a*F 6 

0,*Fi 

a*F 6 
a*F4 
a*Dt 
a*Fz 
a*F% 

aWx 
a*F* 
a*F h 
a*Fi 
a^Fi 



x*G 6 

x*Fz 
v*Fs 
x*Fa 

v*Fa 
w*Gs 
x*G* 
w*G* 
x*Fz 
yiPi 

V*Fl 

x*F* 
x*Fi 
v h Ft 
x*Fi 

yiPx 
x*Fa 
x*Fi 
x*Fz 
x*Ft 

w*G* 
x*Dz 
w*G* 
x*Dt 
y-'Pt 

w*G % 
x*Dx 
x*D< 
x*Do 
x 6 D% 

x'Di 
x*D t 

T*G % 

t*Ga 

x*Dz 
x*D* 
x*Gt 
x*Ge 
x*Ga 

y*Gi 
x*Gs 
y*D* 
x*Gi 
x*Gz 

x*G t 

V 6 Z>4 

v>*Fi 
v 6 Z> 8 

V 6 Z>4 



49,243 
47 , 835 
40,842 
47 , 606 
40,594 

47,930 
47,420 
47,812 
47,363 
40,842 
40,422 

48,123 
41,018 
40,257 
48,239 
41,131 

40,207 
40,594 
41,131 
40,842 
41,018 

47,420 
39,970 
47,590 
40,231 
40,207 

47,693 
40,405 
39,626 
40,491 
39,970 

40,231 
40,405 
40,231 
60,365 
60,172 

39,970 
39 , 626 
45,726 
45,608 
45,833 

45,295 
45,726 
38,678 
45,833 
45,914 

45,965 
44,415 
44,244 
44,551 j 
44,415 



log It 



4.44 
4.36 
3.85 
5.09 
5.08 

4.85 
4.86 
4.87 

5.13 
5.00 

4.69 
5.07 
5.75 
4.54 
4.97 

4.90 
5.59 
4.98 
5.45 
5.20 

4.78 
5.03 
4.73 
5.04 
4.63 

4.58 
4.92 
5.54 
4.65 
5.30 

4.86 
4.60 
4.85 
4.46 
4.40 

4.92 
4.87 
4.50 
5.17 
4.50 

3.86 

4.56 

3.2 

4.65 

4.48 

4.32 
4.45 
4.79 
4.63 
4.20 



log Iz 



log I* 



log vA v 
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Table 7g-6, The Spectrum of Iron I (Continued) 



*1 


\2 


Classification 


E' 


log II 


log It 


log 1 4 


log vAv 


2,706.581 


.5829 L 


o 5 F» 


y 5 D 2 


44,664 


4.59 








2,711.655 


.6555 L 


a*Fi 


W6F5 


44,244 


4.29 








2,719.027 




5 Z>4 

(6 3 F») 


ysPt 

(t*Fs) 


36,767 
(57,641) 


5.44 














2,720.902 


.902 


a s Z>3 


y*Pi 


37,158 


5.08 








2,723.577 S 


.5776 L 


a*Di 


v*P\ 


37,410 


4.61 








2,733.581 


.5810 L 


a 5 F 6 


w 6 D* 


43,500 


4.96 








2,735.475 S 


(.475) 


aW* 


w h D* 


43,923 


4.71 


4.70ft 






2,737.310 


.3099 L 


a 8 Z)i 


V*Pi 


37,410 


4.74 


4.70/2 






2,742.256 


.253 


a h F% 


w*D* 


44,184 


4.4 


4.50ft 






2,742.406 


.4060L 


aWi 


2/ 5 P 2 


37,158 


5.02 


4.64ft 






2,744.068 


.068 


O^Do 


V*P\ 


37,410 


4.33 


4.66ft 






2,750.140 


.140 


5 Z>8 


V h P* 


36,767 


5.02 


4.66ft 






2,756.329 


.325 


a 5 Z)i 


y*Pi 


37,158 


4.36 








2,761.780 


.781 


o 5 F 2 


w 6 D* 


44,184 


4.14 


4.32ft 






2,762.027 


.027 


a*F» 


w h D* 


43,923 


4.09 


4.40ft 






2,767.523 S 


.516 


aBF4 


w*Da 


43,500 


4.39 


4.44ft 






2,772.083 


.074 


o 5 F 6 


z*Hb 


42,992 


4.47 


4.64ft 






2,778.221 S 


.2205 L 


a*F 6 


y*G,> 


42,912 


4.70 


4.49ft 






2,788.106 


.108 


a*F 6 


V*Gb 


42,784 


5.60 


4.65ft 






2,797.775 


.776 


a^ 4 


Z^H* 


43 , 109 


4.24 


4.16ft 






2,804.521 S 


.521 


a 5 F 4 


y*Gi 


43,023 


4.65 


4.48ft 






2,806.984 


.9845 L 


5 F4 


z*H 6 


42,992 


5.02 


4.56ft 






2,813.288 S 


.2867 L 


a*Fi 


y*Gt 


42,912 


5.37 


4.62ft 






2,823.276 S 


.2763 L 


a*F% 


y*Gz 


43,138 


4.56 


4.50ft 






2,825.557 


. 5559 L 


a*Fi 


z*H* 


43,109 


4.81 


4.52ft 






2,825.687 


.684 


5 Z>4 


z*Gt> 


35,379 


3.4 


4.15r 






2,832.436 S 


.4357 L 


a 6 Fs 


y*Gi 


43,023 


4.90 


4.65ft 






2,835.457 


.455 


a&Z>4 


z*Gi 


35,257 


3.29 


4.06ft 






2,838.120 S 


.119 


o&F 2 


y*G-i 


43,210 


4.36 


4.33r 






2,843.977 


.976 


a»F 2 


y*Gz 


43,138 


4.96 


4.61ft 






2,851.798 8 


.7973 L 


a^Fi 


y^Gt 


43,210 


4.80 


4.60ft 




2.72 


2,863.864 


.863 


a*Z>2 


z 5 <?« 


35,612 


3.23 


4.10r 




1.00 


2,869.308 S 


.307 


a*Z>j 


z*G* 


35,259 


3.76 


4.41ft 




1.30 


2,874.172 


.173 


05I)4 


z*G 6 


34,782 


3.92 


4.48ft 




1.36 


2,912.158 5 


(.157) 


a5I>4 


y*Fi 


34,329 


4.08 


4.55ft 




(1.00) 


2,929.008 S 


(.007) 


a^Ds 


y*F<t 


34,547 


4.20 


4.50ft 




(1.12) 


2 , 936 . 904 


.904 


tt 5 Z>4 


3/ 5 F 4 


34,040 


5.02 


4.55ft 




(1.38) 


2,941.343 S 


(.342) 


a*D<i 


y*Fx 


34,692 


3.82 


4.55ft 




(1.06) 


2,947.877 


.876 


a 5 D» 


y b F* 


34,329 


4.95 


4.54ft 




(1.43) 


2,953.940 S 


(.939) 


a 5 Z> 2 


y*Fi 


34 , 547 


4.75 


4.52ft 




(142) 


2,957.365 S 


(.364) 


a*Di 


y*Fx 


34,692 


4.45 


4.55ft 




(1.32) 


2,965.255 S 


(.254) 


a*Z)o 
(a*G 6 ) 


2/ 5 Fi 


34,692 
(55,430) 


4.01 


4.54ft 




(1.20) 


2,966.901 


.898 


a5Z)4 


y*F 6 


33,695 


5.48 


4.47ft 




(1.61) 


2 , 970 . 106 




a&D 2 
a 5 Z>i 


Z*Pl 

y *Fi 


34,363 
34,547 


4.80 


4.52ft 




(1.40) 








2,973.134 


.132 


a5£> 2 


y*F% 


34,329 


5.13 


4.5ft 




1.7 


2,973.237 


.235 


a*Z> 8 


y*Fi 


34,040 


4.7 


4.5ft 




1.3 


2,981.446 


.445 


a*Z>i 


Z*Pl 


33,947 


4.83 


4.52ft 




(1.11) 


2,983.574 


.570 


a*Z>4 


y 5 Z>s 


33,507 


5.11 


4.55ft 




(1.52) 


2 , 986 . 456 


.456 


o 5 Di 


zlPi 


34,362 


3.26 


3.57 




(0.51) 


2,987.292 8 


(.291) 


0^4 


x*Fi 


40,842 


3.52 


1 4.44r | . 


(2 . 22) 
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Table 7 8-6. The Spectrum op Iron I (Continued) 
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Xi 


x 2 


Classification 


E' 


log It 


log 1% 


log It 


log pAp 


2,994.427 
2,994.507 


.427 
.502 


a*Di 
a*D 


y B D 2 
z*Px 


33,802 
34,363 


5.1 
4.4 


4.56/2 




(1.59) 

10 
(2.49) 

2.44 
(ll62) 


2,999.512 5 
3,000.452 


(.511) 
.451 




x*Fs 
V*Gs 


40,527 
45,295 


4.73 
4.11 


4.63ft 
3.98 




3,000.950 


.947 


a*D* 


y&Di 


34,017 


4.94 


4.53ft 




3,003.031 
3,007.281 
3,008.139 
3,009.570 
3,016.186 


.029 
.282 
.138 
.568 
.184 


a*F, 
a*D 2 
a*Di 
a«F 4 
a«F 2 


x*F 2 

Z*P 2 

y*D 
x*F t 
x'Fi 


41,018 
33,947 
34,122 
40,594 
41,131 


3.31 
4.36 
4.62 
4.27 
3.19 


4.39r 

4.5ft 

4.49ft 

4.61ft 

4.20r 




(2.24) 

. (0.99) 

, (1.50) 

(2.46) 

(2.15) 


3,017.628 
3,018.983 
3,020.487 


.627 
.983 
.490 


a 6 Di 
a*F t 


y*Dx 
x*F» 
y 6 Dt 


34,017 
40,842 
33,802 


3.80 
3.72 

4.7 


4.51ft 
4.48ft 
4 5ft 




. (1.15) 
(2.44) 

... (1.41) 
(1.66) 

:(1.75) 


3,020.640 
3,021.074 


.639 
.073 


a*Di 
a*D% 


y*Di 
y*Di 


33,096 
33,507 


5.64 . 
5.24 


4.4ft 
4.46ft 




3,024.033 
3,025.638 


.032 


o5Di 
a*H 6 
a«Z)o 
a*Fi 
a*H 6 


Z*P 2 

w*Ht 
y*Di 
x*F* 


33,947 
52,431 
34,017 
41,018 
52,613 


4.59 
4.17 
4.69 
3.48 
3.92 


4.54ft 
4.12r 
4.54ft 
4.43ft 
4.04 


. > 


,^„a,i5> 


3,025.843 
3,026.462 
3,030.149 


.843 
.462 
.148 


r . 3.6 : 
.a/fs) 

' (2.38) 
3^1 


3,031.213 




a*Hi 


w*H* 

x*Fi 

y'Dt 

x*Fi 

V*G* 


52,769 
41,131 
33 , 802 
40,257 
45,428 


3.81 
3.36 
4.89 
3.74 
3.9 








3,031.638 
3,037.388 5 
3,040.428 
3,041.639 


.637 
.387 
.427 
.637 


a«F 4 
a'F, 


3.96 

4.39ft 

4.56ft 

4.34r 

3-8 




^ 3,,45 

(2.3lj 
,,.(1.69). 
■-, '(2,14) 

2.3 


3,041.745 




a*F% 
a*Fx 
a*F 2 
a*Dz 
a*F 6 


x*Ft 
x*F 2 
x*F* 
y*Di 
x*Da 


40,594 
41,018 
40,842 
33 , 507 
39,626 


3.9 

3.12 

3.39 

5.02 

4.82 


4.3r 

4.16r 

4.36r 

4.56ft 

4.7ft 






3,042.020 
3,042.666 
3,047.605 5 
3,057.446 5 


.020 

.665 

(.603) 

.445 


(2.30) 
(2.05) 
(2.28) 

-.. a ,59) 

. (2.63) 


3,059.086 5 


.087 


o*D, 


y 6 D* 


33,096 


5 . 06 


4 5ft 




(1.51) 
(2.64) 
, (2.61) 
(2.50) 
(2.35) 


3,067.244 5 
3,075.721 5 
3,083.742 5 
3,091.578 5 


.245 
.721 
.740 
.577 


a*Fi 
a*Fi 
a*Fi 
a*Fx 


x*Di 
x&D 2 
x*Dx 
x*D 


39,970 
40,231 
40,405 
40,491 


4.66 
4.09 
3.78 
3.41 


4.7ft 
4.7ft 
4.6ft 
4.5r 




3,099.897 
3,099.971 
3,100.304 
3,100.666 
3,116.633 5 


.897 
.967 
.305 
.666 
.632 


a*Fi 
a«F 4 
a*Fz 
a*F% 
a*Fi 


x*Dx 
x*Da 
x*D 2 
x*Dz 

X*D 2 


40,405 
39 , 626 
40,231 
39,970 
40,231 


4.1 

4.1 

3.80 

4.01 

2.86 


4.5ft 
4.6ft 
4.5ft 
4.6ft 
3.99 




,(2.48). 
(2.41) 
(2.51) 
s (2.46) 
(1.88) 


3,125.653 




a*F 2 
a*Fi 
zWz 


x*D% 
x*D* 

e 7 5« 


39,970 
319,626 
51,570 


3.49 
3.05 
2.84 


4.18 
3.97 
3.25 






3,134.111 5 
3,142.453 


.109 
.456 


(1.98) 
(1.79) 
2.58 
2.37 
(-0.26) 


3,142.888 


.890 


a*Pt 


W*P 2 


50,187 


2.90 


3.23 




3,143.242 


.242 


a*Di 


z*F t 


31,805 


2.88 


3 05 




3,143.990 




z*Dk 
a*G* 
zWz 


i*D* 

f*Fi 


57 , 698 
53,722 
51,462 


3.14 
3.39 
3.03 


3.19 
3.45 
3.44 


3 . 880 
3 76 




3,151.353 
3,153.200 


.353 
.199 


3.36 
3.08! 
2.76 . 
2.96 
2.83 


3,157.040 5 


.037 


zWi 


e 7 G 6 


51,229 


3.24 


3.66 


3.974 


3,157.88 


.885 


zW 2 


e'5« 


51,570 


3.06 


3.48 


3.830 
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Table 7g-6. The Spectrum of Iron I (Continued) 



: Xi 


X 2 


Classification 


E' 


log 1% 


log lz 


log It 


log vAv 


3,160.658 S 
3,161.949 
3,165 860 


.659 
.948 


zW 6 
zWz 
6 3 F 4 
zWs 

zW 6 
zWz 

5 Z>2 

a*P2 
a*Dz 

zWi 
zWi 
a*D* 
zWi 

(&3<?4) 

a*D* 

zW* 
a*Dz 
zWi 
(a 6 Z>i) 

2 7 Z>2 

zWt 
aWt 

zWi 
z*F* 
* 7 F 6 
zW* 
zW* 
zWi 

z&F* 
zWi 
z 5 F* 
zWz 

(zWz) 

052>2 

zWt 

zWi 
zWz 

2 7 Z>4 

zWi 
zWs 

zWi 

a 5 Z>o 
zWi 
zWi 
b*H 6 

zWa 

a*Di 
zWa 
zWi 


e 7 F 4 
e 7 Ge 
e 7 G4 
tWi 
e 7 F 6 

PDi 
e 7 F4 
z*F* 
vWz 
z*Fi 

e 5 G 6 
e«G2 
zWz 
e 7 F 2 

(t> 3 i/ 6 ) 

z*Ft 

e 7 F 6 
zW* 
PDa 
{zWi) 
eWz 
e«S* 
zWi 

e>F\ 
g*Gz 
gW 6 
e*Gi 
PDx 
e*S* 

g*G* 
e'Pi 

PDz 
(e 7 P 2 ) 
z*F% 
PD* 

pD* 
PDa, 
e 7 P» 
(zWi) 
P&* 
e 7 Fe 

pD% 
z*Di 
e 7 P 2 

pD* 

xHt 

elP4 
zWz 
z*Fi 
pD* 
PDs 


51,192 
50,968 
51,335 
52,213 
51,192 

50,808 
51,192 
32,134 
49,135 
31,805 

50,704 
51,370 
31,323 
51,331 
(55,430) 
31,307 

50,833 
31,686 
50,808 
32,134 
51,149 
51,149 
31,937 

51,208 
58,710 
53,801 
50,704 
.51,048 
51,149 

58,002 
50,475 
58,271 
50,862 
(50,861) 
31,805 
50,999 

50,423 
50,808 
50,611 
(31,937) 
50,378 
50,342 

50,534 
31,937 
50,861 
50,699 
57,028 

50,475 
31,323 
31,307 
50,423 
50,378 


3.33 
3.08 
2.87 
3.08 
3.44 

3.29 
3.81 
3.79 
3.07 
4.29 

3.06 
3.48 
4.42 
3.57 

4.86 

4.41 

4.03 

3.97 

3.10 

3.68 
3.76 

3.56 
3.65 
3.0 

3.81 

3.2 

4.38 

4.39 
3.84 

3.75 
3.93 
3.87 

4.53 
4.76 

4.04 
3.70 
3.32 
3.66 
3.87 

3.76 
4.09 
4.55 
4.12 
4.22 


3.73 
3.56 
3.24 
3.44 
3.77 

3.65 
4.07 
3.73 
3.30 
4.15A 

3.31 
3.58 
4.21A 
3.86 

4.44B 

4.4r 
4.1r 
4.08 

4.09 

3.22 

4.00 
3.48 

3.64 
3.89 
3.34 

3.56 
4.13 
4.07 

4.07 
4.00 

3.87 
4.12 
3.95 

4.52r 
4.65« 

4.11 
3.62 
3.54 
3.83 
3.52 

3.82 
3.91 
4.18 
4.10 
4.07 


4.06 

3.766 

3.543 

3.772 

4.072 

3.948 
4.37r 
3.81« 
3.521 
3.97B 

3.81 
3.95 
4.00tf 
4.06 

4.66i2 

4.67r 

3.53 

4.407 

4.308 
3.887 

4.05 
4.25 

4.11 

4.65r 

4.78r 

4.346 

4.162 

4.41 

4.33 

4.79A 
4.89/2 

4.48 

4.156 
4.060 

4.149 

3.75 

3.98r 

4.427 

4.368 


3.02 
2.83 
2.55 


3; 166. 435 




2.87 


3,175.447 S 

3,178.015 S 
3,180 223 


(.444) 
(.012) 


3.07 

2.90 
3.36 


3,180.756 
3,182.970 
3,184.896 S 

3,188 567 


.755 
.978 
.895 


(0.41) 
2.31 
(0.66) 

2.54 


3,188 810 




2.93 


3,191.659 5 
3,192 799 


.658 


(0.58) 


3,193.22$ 




(0.71) 


3, i 96. 930 S 

3.196.977 

3,199.530 

3lfc06.475.sr 

3VS5O0.784 

3,205.400 S 
3,^09.297 

3 210 230 


(.927) 


3.92 
(0.49) 




3.30 


(.472) 

.784 

(.397) 


(0.33) 
3.35 

(-0.19) 

3.28 




2.84 


3,210 830 




3.13 


3 211 487 




2.60 


3 211 683 




3.74 


3,211 989 




3.29 


3,214 044 






3,214.396 
3,215.940 S 

3,217.380 8 
3 219 581 


.395 
(.937) 

(.377) 


(0.61) 
3.25 

3.04 
3.35 


3 219 806 






3,222.069 S 
3,225.789 S 

3,227.798 
3,229.123 
3 230 210 


(.066) 
(.786) 


3.89 
4.17 

3.30 


.121 


(0 . 22) 
2.78 


3 230 963 




3.04 


3,233.053 
3 233 967 




3.58 




2.99 


3,234.614 
3,236.223 S 
3,239.436 5 
3,244.190 S 


.612 

.222 

(.433) 

(.187) 


(0.44) 
(0.64) 
3.27 
3 24 
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Xi 


x 2 


Classification 


E' 


log It 


log Iz 


log 7i 


log vA v 


3,246.005 


.004 


a&Di 


z*D% 


31,686 


4.02 




3.72 


(0.48) 


3,246.962 




a 6 P2 


X 3 Px 


48,516 
50 , 534 


2.92 

3.1 

3.80 


3.47 
3.75 
3.56 




2.37 
2.93 


3,248.206 




z 1 Dz 


PDz 

x*Ia 


3.964 
3.99 


3,254.363 


.361 


b*H* 


57,070 


3,257.594 5 


.595 


a*Pz 


v«F 2 


48,239 


3.11 


3.53 


3.71 




3,265.046 


.046 


a*Di 


z*Dz 


31,323 


4.03 


3.83 


3.69 


(0.36) 


3,265.616 


.617 


a*Pz 


V*Pi 


48,163 


3.78 


4.03 


4.293 




3,271.002 5 


.999 


a 6 P 2 


V*Px 


48,290 


3.74 


4.05 


4.279 




3,280.261 


.262 


b*Hi 


X*I 6 


57,104 


3.78 


3.46 


3.89 




3,284.588 5 


.587 


a*Pt 


v'Pi 


48,163 


2.81 


3.40 


3.552 




3,286.755 5 


.7508 W 


a*Pz 


V*Pz 


47,967 


4.42 


4.38 


4.62r 




3,292.022 


.020 


o»Di 


1*^4 


56,593 


3.70 


3.49 


3.861 




3,292.590 


.589 


a*P x 


v*Px 


48,290 


3.41 


3.76 


4.008 




3,298.133 5 


.130 


a*Px 


W«F 2 


48,239 


3.27 


3.51 


3.687 




3,305.971 


.973 


a*Pi 


v*Pz 


47,967 


4.09 


4.25 


4.44 




3,306.356 


.352 


a*Pi 


V*Pt 


48,163 


4.20 


4.29 


4.48 




3,314.742 


.742 


a*D% 


u*Fz 


56,783 


3.67 


3.41 


3.80 




3,323.737 


.738 


b*Pt 


V*Pt 


52,916 




3.41 


3.723 




3,328.867 


.867 


b*m 


u*H 6 


56,383 


3.50 




3.666 




3,337.666 


.666 


a*G 6 


u*Gi 


51,668 


3.25 




3.433 




3,340.566 5 


.565 


a*P 2 


X*Pi 


48,305 


3.16 




3.395 




3,341.906 


.906 


o»G 6 


65 


51,630 


3.22 








3,342.216 


.215 


a*Pt 


v*Px 


48,290 


2.86 




3.53 




3,342.298 


.292 


fe'Pi 


81 


52,858 


3.31 








3,347.927 S 


.926 


a*Pt 


v«Fs 


48,239 


3.06 




3.331 




3,355.228 


.226 


b*H* 


u*H* 


56,423 


3.43 




3.615 




3,369.549 


.549 


a*Gi 


u*G* 


51,668 


3.82 


3.74 


3.964 




3,370.786 8 


.784 


a*Gi 


u*G 6 


51,374 


4.07 


3.99 


4.196 




3,378.676 


.676 


a*Gt 


v*Fa 


51,305 


3.59 


3.41 


3.70 




3,379.017 


.017 


a6Pa 


w*D* 


47,136 


3.38 


3.48 


3.74 




3,380.111 


.110 


a*Gz 


u*Gz 


51,826 


3.71 


3.63 


3.86 




3,383.981 


.980 


a*Pz 


x*Fz 


47,093 


3.82 


3.81 


3.99 




3,389.748 


.741 


a*Px 


n 


47,420 


3.05 




3.832 




3,392.304 


.305 


a*Pt 


x*F* 


47 , 197 


3.72 


3.72 






3,392.652 


.653 


a*Pz 


w*Dz 


47,107 


4.14 


4.20 


4.32 




3,394.583 


.583 


o«P 2 


u*Dx 


47,177 


3.41 


3.54 


3.683 




3,396.978 S 


.979 


a*Fz 


V*Pt 


37,158 


2.74 


3.62 


3.47 




3,399.336 5 


.334 


a*p2 


10W2 


47,136 


4.13 


4.22 


4.301 




3,401.521 8 


.516 


a*F* 


V*Pz 


42,967 


3.15 


3.92 


3.79r 




3,402.256 


.255 


b*H 6 


v*H 6 


55,490 


3.67 


3.51 


3.770 




3,404.357 


.351 


a*P2 


x*Fz 


47,093 


4.06 


4.11 


4.270 




3,406.803 


.803 


a*Px 


w*Dx 


47,272 


3.75 


3.86 


3.95 




3,407.461 S 


.4573 W 


a*Pz 


x*Fa 


46,889 


4.63 


4.68 


4.67r 




3,413.135 5 


. 1295 W 


a*P* 


w*Dz 


47,017 


4.44 


4.39 


4.42r 




3,417.842 


.843 


a&Px 


u*Di 


47,177 


4.62? 


4.19 


4.241 




3,418.507 


.507 


a*Pi 


m 6 Do 


47,172 


3.88 


4.09 


4.173 




3,422.656 


.656 


a*Pi 


w*Dt 


47,136 


3.84 


3.96 


4.12 




3,424.284 


.285 


a»Pz 


u*Dz 


46,745 


4.04 


4.17 


4.228 




3,426.383 


.381 


a*Pz 


V*P* 


46,727 


3.59 


3.94 


4.14 




3,426.637 




a*Pt 


y*Px 


46,902 


3.73 


3.85 


1 
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ATOMIC AND MOLECULAR PHYSICS 
Table 7g-6. The Spectrum of Iron I (Continued) 



Xi 


A 2 


Classification 


E' 


log It 


log Iz 


. log I A 


log vAv 


3,427.121 S 


.119 


a*Pz 


u*Di 


46,721 


4.57 


4.63 


4.61r 




3,428.192 


. 193 


a*P% 


u 6 Dz 


46,889 


3.98 


4.06 


4.127 




3,440.610 


.606 


a 5 Z>4 


z*Pz 


29,056 


5.76 


5.46/2 


4.6ft 


2.4 


3,440.989 


.989 


a*Di 


Z*Pl 


29,469 


5.39 


5.22ft 


4.5ft 


2, 


3,443.878 5 


(.878) 


a*Dz 


Z 5 Pl 


29,733 


5.02 


4.89r 


4.32ft 


1,728 


3,445.151 S 


(.148) 


a*P* 


u&Dz 


46,745 


4.28 


4.32 


4.34r 


3.56 


3,450.328 


.328 


a*Pi 


2/»Pi 


46,902 


3.75 


3.93 


3.922 


3^20 


3,451.915 


• 915 


a*Px 


u*Di 


46,889 


3.76 


3.93 


4.13 


3.20 


3,452.273 


.274 


a*Fz 


V*F4 


36,686 


3.69 


4.14 


4.13 


(1.59) 


3,465.863 S 


.8592 W 


a*Di 


Z»Pl 


29,733 


5.13 


5.02r 


4.36ft 


1.898 


3,475.450 


.448 


6 Z>2 


Z*Pi 


29,469 


5.32 


5.13ft 


4.48ft 


2.031 


3,476.704 S 


.7003 W 


a 5 Z>o 


Z*P\ 


29,733 


4.80 


4.74r 


4.32ft 


1.578 


3,490.575 S 


(.574) 


a*Dz 


z*Pz 


29,056 


5.38 


5.06ft 


4.43ft 


1.971 


3,497.110 




a*Pz 
a 6 Di 


w 6 Pz 

Z*Pl 


46,137 
29,469 


3.58 
4.82 


3.99 
4.62r 


4.152 
4.30ft 


3.18 


3,497.843 S 


.8384 W 


1.537 


3,513.820 S 


.8158 W 


a*Ff> 


z*G 6 


35,379 


4.55 


4.48 


4.48ft 


(2.16) 


3,521.264 S 


.2601 W 


a*Fi 


z*G* 


35,768 


4.45 


4.52 


4.51 


(2.24) 


3,526.039 


.040 


a 5 Z>2 


Z*Pl 


29,056 


4.65 \ 
4.15 J 


4.6 


4.7ft 


(0.83) 


3,526.167 


.163 


a*Fz 


z*Gz 


36,079 






(2.00) 


3,533.201 


.196 


z 7 Fi 


e'Gi 


51,540 


3.96 


3.98 


4.20 


3.87 


3,536.556 


.554 


zWi 


e*Gz 


51,461 


4.15 


4.15 


4.425 


4.04 


3,541.083 


.083 


z-'Fi 


e 7 G 6 


51,229 


4.34 


4.29 


4.56r 


4.14 


3,542.076 


.076 


z'Fz 


e 7 G 4 


51,335 


4.29 


4.24 


4.52r 


4.10 


3,554.122 


.117 


a*Fz 


z*Gi 


35,856 


3.16 


3.85 


4.04 


1-59 


3,554.922 


.927 


zWi 


e'Ge 


50,968 


4.29 


4.53 


4.79r 


4.35 


3,556.877 


.877 


z'F* 


/ 5 F 5 


51,103 


4.22 


4.10 


4.326 


3.93 


3,558.518 S 


(.516) 


a*F* 


z*Gz 


36,079 


4.54 


4.73 


4.59ft 


(2.55) 


3,565.381 S 


.3778 W 


a*Fi 


z*Gx 


35,768 


4.98 


5.22 


4.80ft 


(2 . 99) 


3,570.100 


.0964 H 


a*F* 


z*Gt 


35,379 


5.13 


5.51ft I 


5.11ft 


(3.14) 


3,570.243 




z->F* 


e'Gi 


50,652 


4.91 






3.571.99& 


.995 


zWi 


eWi 


50,833 


3.94 


3.87 


4.124 


3.67 


3,573.896 


.886 


b*Hi 


t*Gz 


54,600 


3.81 


3.79 


4.00 


4.12 


3,581.195 S 


. 1926 H 


a 5 Fs 


zWe 


34,844 


5.56 


5.73ft 


4.98ft 


3.6 


3,582.201 


.201 


b*H<> 


126 


54,014 


4.05 




4.01 




3,584.663 S 


(.659) 


a*Gs 


y*Hi 


49,604 


4.14 


4.09 


4.32 


3.73 


3,585.320 S 


(.318) 


a*Fz 


z*Gz 


35,612 


4.60 


4.72 


5.02 


(2.40) 


3,585.708 




a*Ft 


z*G* 
t*Gi 


35,257 
53,983 


4.35 
4.40 


4.47 
4.02 


4.74 
4.23 


(2.14) 


3,586.114 S 


(.109) 


4.26 


3,586.985 




a*Fi 


z*G* 
z'Gi 


35,856 
34,782 


4.60 
3.66 


4.71 
4.11 


4.64ft 
4.34 


(2.46) 


3,589.107 S 


(.105) 


(142) 


3,594.632 


.631 


zWa 


Wi 


50,808 


3.91 


3.91 


4.068 


3.71 


3 , 603 . 205 


.205 


a*Gt 


l>8<?6 


49,461 


4.117 


4.08 


4.274 


3.70 


3,605.450 


.454 


a*Gi 
(z 7 F 6 ) 




49.727 
50,378 


4.386 


4.22 


4.56r 


3.87 


3,606.679 


.679 


a*Gh 


y3H 6 


49,434 


4.38 


4.52 


4.65r 


4.13 


3,608.861 S 


.8591 H 


a*Fi 


z*Gi 


35,856 


5.239 


5.27r 


4.78ft 


(3.02) 


3,610.159 




z 7 Fe 

C*Pl 

a*Fi 


e 7 Fe 
u*Dz 
z*Gz . 


50,342 
51,969 
35,612 


4.353 
4.137 
5.364 


4.26 
4.01 
5.35r 


4.53r 
4.26 
4.83ft 


3.99 


3,617.788 S 




3.97 


3,618.769 S 


.7672 H 


(3.18) 


3,621.463 S 


(.460) 


0*C?4 


v*m 


49,604 


4.33 


4.30 


4.48r 


3.94 


3,622.001 


.004 


a*Gz 


v*Gz 


49,851 


4.16 


4.11 


4.36 


3.80 



IMPORTANT ATOMIC SPECTRA 
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Xi 


X> 


Classification 


E' 


log Ii 


log Is 


log J 4 


log vAv 


3,623.187 


.186 


a*H 6 


z*H« 


46,982 


4.141 


3.88 


4.013 


3.59 


3,631.464 5 


.4625 H 


a«F 8 


z*G* 


35 , 257 


5.441 


5.38 


4.85ft 


(3.01) 


3,634.326 


.325 


zip* 


e*Gz 


51,219 


3.53 




3 . 83 




3,638.296 


.296 


a*G* 


V*Hi 


49,727 


3.96 


3.95 


4.15 


3.60 


3,640.388 


.388 


a*G* 


v*G 6 


49,461 


4.253 


4.21 


4.390 


3.83 


3,645.822 


.818 


c'Po 


u*Di 


52,512 


3.56 




3.83 




3,647.844 5 


.8419 H 


a«F 4 


z*Gi 


34,782 


5.411 


5.30r 


4.80ft 


(2.91) 


3,649.304 


.301 


a*Di 


z*F% 


27,395 


3.58 


4.00 




(0.13) 


3,649.508 5 


(.505) 


a*G> 


w*Fi 


49,109 


4.397 


4.23 


3.44 


3,650.031 


.026 


z>Pt 


e 7 5t 


51,570 


3.54 


4.05 V 




3.95 


3,650.280 


.278 


a*Ht 


z*Hy 


47,008 


4.141 


3.86 | 


3.0 


3.15 


3,651.469 5 


(.466) 


a*Gi 


v*G* 


49,628 


4.361 


4.21 


3.471 


3.85 


3,659.516 


.516 


a*Hi 


z*H* 


47,107 


3.899 


3.78 


3.843 


3.08 


3,669.523 5 


(.520) 


a*G 4 


w 3 F» 


49,243 


4.101 


3.95 


4.19 


3.54 


3,676.314 5 


(.311) 


b*F* 


x*G 6 


47,835 


3.934 


3.72 


3.844 


3.11 


3,677.630 5 


(.627) 


a»<?« 


w*F t 


49,433 


4.15 


4.16 


4.38 


3.77 


3,679.915 5 


.9128 H 


a*DA 


z'Fi 


.27,167 


5.071 


4.88r 


4.36ft 


1.449 


3,682.226 




a*D* 


w 1 Di 


55,754 


4.175 


3.97 


4.260 








4.45 


3,683.054 




a*Di 


z*Ft 


27 , 560 


3.945 


3.89 


4.10ft 








0.496 


3,684.108 


. 109 


0»G4 


vW» 


49,135 


4.156 


4.04 


4.210 


3.61 


3,685.998 


.995 


z'P* 


eWi 


50,833 


4.01 


4.00 


4.22 


3.80 


3,687.458 5 


.4559 H 


a*F& 


y*Fi 


34,040 


4.663 


5.11r 


4.63ft 


2.378 


3,689.457 


.457 


Z*Pi 

b*Pi 


w*P x 


50,808 
50,043 


3.876 


3.97 


4.196 


3.77 


3,694.005 


.005 


Z*Pi 


e*Sz 


51,570 


4.11 


4.16 


4.333 


4.06 


3,695.054 5 


(.051) 


6'Fi 


v*Fi 


47,930 


4.014 


3.80 


3.998 


3 . 20 


3,697.426 


.424 


ziPt 


e*G% 


51,219 


3.485 


3.73 


3.837 


3 . 58 


3,701.086 


.085 


zip, 


e*F 4 


51,192 


4.10 


4.11 


4.330 


3.96 


3,703.556 


.546 


a*G% 


w*F% 


49 , 243 


3.47 




3.93 




3,704.463 5 


(.460) 


a*G 6 


V l Gi 


48,703 


3.971 


4.12 


4.00 


3.64 


3,705.567 5 


.5657 H 


a*D t 


z*F* 


27,395 


5.249 


4.04r 


5.45ft 


1.698 


3,707.048 


.041 


z-iPi 


eW % 


51,149 


3.79 


3.83 


4.040 


3.67 


3,707.824 


.822 


a*Dt 


z«Fi 


27,666 


4.17 \ 
4.42 / 








3,707.918 


.918 


asPi 


y*S2 


44,512 


4.56 


4.65ft 


0.652 


3,709.246 


.246 


a*F t 


y*F t 


34,329 


4.758 


5.00r 


4.66ft 


2.540 


3,716.442 


.439 


z'Pi 


JP* 


50,611 


3.877 


3.87 


4.083 


3 . 65 


3,719,935 5 


.9346 H 


a*Di 


z*Fi 


26,875 


5.954 


5.73ft 


4.76ft 


2.541 


3,722.564 S 


.5627 H 


a*Dt 


z*Fi 


27,560 


5.10 


5.06r 


4.45ft 


1.747 


3,724.380 5 


(.377) 


a>Pt , 


x*D* 


45,221 


4.04 


3.99 


4.162 


3 . 03 


3,727.621 5 


.6174 W 


a'«Fi , 


y'Fi 


34,547 


4.69 


4.97r 


4.68ft 


2.543 


3,730.386 


.386 


aW* 


u*Gt ; 


51,826 


3.64 




3.804 




3,732.399 5 


(.396) 


a*Pr 


v 6 Sz 


44,512 


4.29 


4.22 


4.43r 


3.16 


3,733.319 5 


.3163 H 


a»Z)i 


z*Fx 


27 , 666 


5.00 


4.96r 


4.46ft 


1.624 


3,734.867 5 


.8622 W 


a*F 6 ,. 


V'F 6 


33,695 


5.57 


5.76ft 


5.03ft 


3.475 


3,737.133 5 


.1317 H 


a*D* 


z*F* 


27 , 1 67 


5.89 


5.57R 


4.79ft 


2 .408 


3,738.308 5 


(.305) 


b*H 6 


zVt 


53,094 


4.31 


3.86 


4.19 


3.97 


3,743.364 


.362 


a*Fi 


yWx 


34 , 692 


4.53 


4.77 


4.75ft 


2.392 


3,745.561 


.561 


a*Dz 


z*Fz 


27,395 


5.66 


5.38ft 


4.7ft 


(2.20) 


3,745.901 


.900 


a*Dv 


z*Fi 


27,666 


5.09 


4.96r 




(1.7) 


3,748.264 5 


(.262) 


a 6 Di 


z&Ft 


27,560 


5.41 


5.19ft 


4.61ft 


1.990 


3,749.487 5 


(.485) 


a*Fi 


V*F< 


34,040 


5.43 


5.57ft 


4.98ft 


3 310 
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Xi 


X 2 


Classification 


t' 


log It 


log 1% 


log Ik 


log vAv 


3,753.610 


.610 


a&Pz 


w*Dt 


44,184 


3.75 


3.92 


4.134 


2.82 


3,758.235 S 


.2328 H 


a*Fz 


y 6 Fz 


34,329 


5.25 


5.35r 


4.90ft 


3.119 


3,760.052 S 


.0492 H 


a*Hi 


zHi 


45,978 


4.51 


3.88 


4.130 


3.03 


3,763.790 S 


.7888 H 


5 F2 


y*F* 


34,547 


5.01 


5.17r 


4.81ft 


2.926 


3,765.542 5 


.5386 H 


b*Hs 


y*I 7 


52,655 


4.52 


4.25 


4.60r 


4.31 


3,767.194 8 


.1911 H 


aWi 


y*Fx 


34,692 


4.75 


5.03r 


4.89ft 


2.785 


3,785.950 




a*H 6 
a 5 Fi 


2»/6 

z*Po 


46,027 
34,556 


4.36 
3.91 


3.86 
3.86 


4.04 
3.93r 


3.00 


3,786.678 


.676 


(1.22) 


3,787.883 S 


.8799 H 


a*Fi 


y*Fi 


34,547 


4.450 


4.76 


4.63ft 


2.290 


3,790.095 S 


.0926 H 


a*Ft 


Z*Pl 


34,363 


4.345 


4.22 


4.32ft 


(1.62) 


3,794.340 




a*Ht 


zU* 


46,136 


4.226 


3.74 


3.936 


2.90 


3,795.004 S 


(.002) 


o*F* 


2/ 6 F 3 


34,329 


4.580 


4.89 


4.69ft 


2.384 


3,797.517 S 


(.514) 


&3tf 6 


w*H* 


52,431 


4.091 


4.01 


4.344 


4.03 


3,798.513 S 


(.511) 


aWi 


y*Fs 


33,695 


4.421 


4.66 


4.61ft 


2.028 


3,799.549 S 


.5471 H 


a 5 Fs 


y*Fi 


34,040 


4.577 


4.82 


4.69ft 


2.306 


3,805.345 S 


.3425 H 


b*Hi 


y*I 6 


52,889 


4.304 


4.18 


4.440 


4.27 


3 , 806 . 697 




(6 3 F 8 ) 




52,613 
47,136 


3.945 


3.98 


4.24 


4.03 








3,807.534 


.536 


a»Pi 


w*Di 


44,184 


3.59 


3.90 


4.076 


2.80 


3,812.964 


.9639 H 


a*Fi 


Z*Pl 


33,947 


4.784 


4.70 


4.68ft 


(2.16) 


3,814.526 




a*Fi 
a*Ft 


Z*Pl 

y*D* 


34,363 
38,175 


3.74 
5.291 


3.80 
5.19r 


3.90ft 
4.98ft 


(1.02) 


3,815.842 S 


.8402 H 


(3.36) 


3,820.428 


.4253 H 


a*Fi 


y*Di 


33,096 


5 . 444 


5.36r 


4.98ft 


(3.13) 


3,821.181 


.175 


b*Hi 


v*n 


52,514 


4.21 




4.48 




3,824.444 S 


.4440 H 


a*Di 


z*Dz 


26,140 


5.357 


5.04r 


4.65ft 


1.634 


3,825.884 S 


.8809 H 


a*Fi 


y 6 Di 


33,507 


5.240 


5.42r 


4.99ft 


(2.98) 


3,827.825 S 


.8228 H 


a*Ft 


y*Di 


38,678 


5.091 


5.06r 


4.96ft 


(3.31) 


3,834.225 S 


.2219 H 


a*Fi 


y*D* 


33,802 


4.973 


5.11r 


4.83ft 


(2.81) 


3,839.259 S 


(.256) 


a^G* 


x*G* 


50,614 


4.114 


3.98 


4.15 


3.76 


3,840.439 S 


(.437) 


a*F* 


y*Di 


34,017 


4.697 


5.02r 


4.72ft 


(2.58) 


3,841.051 S 


.0481 H 


a*Fz 


y*Di 


38,996 


4.942 


4.98 


4.86ft 


(3.19) 


3,843.259 S 


.2568 H 


a*Q* 


Z*Fz 


50,587 


4.160 








3,846.803 S 


.8004 H 


a*Dz 


tWz 


52,213 


3.938 


3.95 


4.22 


3.94 


3 , 849 . 969 


.9591 H 


a^Fi 


y*Do 


34,122 


4.326 


4.80 


4.65ft 


(2.34) 


3,850.820 S 


(.818) 


a*Fi 


Z*P2 


33,947 


4.083 


4.25 


4.34ft 


(1.63) 


3 , 852 . 574 




a*Pz 
a*Dz 


w*Da 
z*D* 


43,500 
26,340 


3.381 
5.365 


3.78 
5.08r 


3.938 
4.25ft 


2.59 


3,856.373 S 


.3714 H 


1.691 


3,859.214 


.211 


o^He 


y*Gt 


45,295 


4.17 




4.31 




3,859.913 S 


.9123 H 


a 5 Z>4 


z*Di 


25,900 


5.978 


5.52ft 


4.76ft 


2.244 


3,865.526 S 


(.524) 


a*Fx 


y*Di 


34,017 


4.250 


4.72 


4.64ft 


(2.25) 


3,867.219 S 


.2157 H 


C*P2 


W*Pi 


50,817 


3.801 


3.82 


4.004 


3.62 


3,872.504 S 


.5006 H 


a 6 F2 


y 5 />2 


33,802 


4.366 


4.77 


4.63ft 


(2.24) 


3,873.763 S 


.7608 H 


a*Hs 


2/3G4 


45,428 


4.158 


3.91 


4.11 


2.97 


3,878.021 S 


(.019) 


a*>Fz 


y*Dz 


33,501 


4.36 


4.79 


4.66ft 


(2.24) 


3,878.575 S 


.5734 H 


a*D 2 


z*Di 


26,479 


5.257 


5.00r 


4.68ft 


1.694 


3,885.512 


.508 


a*Pi 


x z Di 


45,282 


3.57 




3.92 




3,886.284 S 


.2829 H 


aWz 


z*Dz 


26,140 


5.619 


5.11r 


4.60ft 


1.865 


3,887.051 S 


(.049) 


a^Fi 


y 5 Z>4 


33,096 


4.303 


4.63 


4.59ft 


(2.05) 


3,888.517 S 


.5135 H 


a*F* 


yWt 


38,678 


4.459 


4.57 


4.78ft 


(2.70) 


3,893.391 


.390 


b*Gs 


V 3 <?6 


49,461 


3.71 


3.80 


4.04 


3.42 


3,895.658 S 


.6563 H 


a*Di 


z*Do 


26,550 


4.907 


4.81r 


4.43ft 


1.266 
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Xi 


X* 


Classification 


E' 


log It 


log 1% 


log I A 


log vAv 


3,897.896 


.8899 H 


a*Gi 


w*G 6 


47,363 


2.54 \ 
3.33 1 








3,898.012 


.009 


O^Fl 


V*Dt 


33,802 


4.09 


4.35 


(1.34) 


3,899.709 5 


.7077 H 


a*/)* 


z*Dt 


26,340 


5.112 


4.99r . 


4.43ft 


1 ,402 


3,902.948 5 


.9454 H 


a 3 F 3 


y*Dz 


38,175 


4.624 


4.72 


4.78ft 


(2.87) 


3,903.902 


.898 


6^4 


y*H* 


49,727 


3.20 


3.60 


3.794 


3.25 


3,906.482 5 


.4795 H 


a*D\ 


z*Di 


26,479 


4.371 


4.40 


4.28ft 


0.816 


3 , 907 . 464 




a^j 


x*Gt 


47 , 834 


3.02 








3,907.937 5 


(.934) 


a^a 


w*Gi 


47,831 


3.51 


3.55 


3.669 


2.95 


3,916.733 




6 3 #6 


6s 


51 , 630 


3.732 


3.56 


3.79 


3.47 
(123) 


3,917.185 5 


(.183) 


a«F 2 


y*Dt 


33,507 


3.19 


3.94 


4.01 


3,918.644 




b*G% 


v*Gi 


49,851 


3.52 




3.87 




3,920.260 5 


.2579 H 


o«Z>o 


z*Di 


26,479 


4.848 


4.74r 


4.34ft 


1.324 


3,922.914 5 


.9115 H 


a5i>, 


z*D* 


25,900 


5.084 


4.91r 


4.42ft 


1.300 


3,925.946 




63p 


x'Pi 


48,516 


3.40 


3.63 


3.81 


3.12 
1.391 


3,927.922 5 


.9204 H 


a*Di 


z*Dt 


26,340 


5.107 


4.96 


4.51ft 


3,930.299 5 


.2967 H 


0*Z>2 


z*D* 


26,140 


5.161 


5.00r 


4.49ft 


1.389 


3,935.815 S 


.8125 R 


6 3 P 2 


v*Ft 


48,239 


3.41 


3.62 


3.764 


3.07 


3,940.882 S 


(.880) 


o«F» 


V*Di 


33,096 


2.91 


3.66 


3.66 


(0.80) 


3,942.443 S 


(.440) 


6 3 Pi 


X 3 P 2 


48,305 


3.14 


3.54 


3.688 


3.00 


3,948.779 5 


(.776) 


6 3 H 6 


u*G 4 


51,668 


3.773 


3.72 


3.955 


3.64 


3,949.954 


.9526 H 


a6Ps 


X«Pl 


42,860 


3.804 


3.92 


3.996 


2.64 


3,951.164 


. 1636 H 


a 3 2>i 


yiD t 


51,708 


3.715 


3.66 


3.879 


1.81 


3,952.606 


.6015 H 


a 3 ^ 


z*H t 


47,008 


3.680 


3.59 


3.802 


2.88 


3,956.681 5 


.6771 H 


a«G 6 


z*H< 


46,982 


4.428 


4.03 


4.49 


3.32 


3,966.066 5 


(.063) 


a 3 F 2 


y*Di 


38,175 


3.41 


3.85 


4.04r 


1.91 


3,966.630 




z*Di 


f*Fi 
u*Gz 


51 , 103 


3.781 


3.79 


4.055 


3.63 


3,967.423 5 


(,420) 


b*Hi 


51,826 


3.07 


3.59 


3.836 


3.53 


3,969.261 S 


.2570 H 


a*Fi 


y*F t 


37,163 


4.796 


4.81 


4.85ft 


(2.77) 


3,971.325 




a*G 6 


z 3 F* 


46,889 


3.54 


3.64 


3.865 


2.91 


3,977.743 


.7413 H 


a*P* 


X«P 2 


42,860 


3.932 


3.90 


4.121 


2.62 


3,981.775 


.7712 H 


a*G* 


z*H* 


47.107 


3.593 


3.55 


3.686 


2.85 


3,983.960 


.9570 H 


a*Gi 


x*F* 


47 , 197 


3.677 


3.72 


3.880 


3 03 


3,997.394 


.3923 H 


03(?4 


z*H* 


47,008 


4.300 


4.10 


4.290 


3.39 


3,998.054 


.052 


a 3 ^ 


u*Da 


46,721 


3.613 


3.78 


3.981 


3.03 


4,005.246 5 


.2419 # 


a 3 F 8 


y*Ft 


37,521 


4.591 


4.64 


4.76ft 


(2.66) 


4,009.714 


.7130 H 


o5Pi 


x»P 2 


42,860 


3.772 


3.78 


3.994 


2.50 


4,014.534 5 


.5310 ff 


aifl" B 


y*Hi 


53,722 


3.934 


3.69 


3.962 


3.89 


4,021.869 


.8665 # 


a 3 *?. 


z*Ha 


47,107 


3.990 


3.75 


4.033 


3.05 


4,045.815 5 


.8141 # 


a 3 F< 


I/»F4 


36,686 


5.565 


5.39r 


5.08ft 


(3.34) 


4,062.446 


.4412 # 


6 3 Pl 


l/'5i 


47,556 


3.716 


4.04 


3.90 


3.60 


4,063.597 


.5949 H 


o»Fi 


y*Ft 


37,163 


5.247 


5.20r 


4.96ft 


(3.19) 


4,066.979 5 


(.976) 


6»P» 


1 2 


47,420 


3.686 


3.49 


3.66 


2.84 


4,067.275 5 


(.272) 


6 3 P4 


x 3 Z>« 


45,221 


3.37 








4,067.984 




2SD4 

a 3 F 2 


e'P 4 
l/ 3 F 2 


50,475 
37,521 


3.720 
5.114 


3.66 
4.99r 


3.89 
4.98ft 


3.42 


4,071.740 


.7374 # 


(3.14) 


4,076.636 


.6297 H 


z*D t 


PDa 


50,423 


3.641 


3.63 


3.940 


3.39 


4,100.745 


.7378 # 


a&F 6 


z*F t 


31,307 


3.627 


3 38 


3.279 


0.50 


4,107.492 S 


.4884 H 


6 3 P 2 


u*Di 


47,177 


3.638 


3.72 


3.957 


3,02 


4,109.808 


.8020 # 


6 3 Pl 


w*Di 


47,272 


3.544 


3.56 


3.784 


2.87 


4,114.449 5 


(.446) 


6 3 P 2 


w*D* 


47,136 


3.25 


3.37 


3.478 


2.66 
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Xl 


X 2 


Classification 


E' 


log Ii 


log It 


log I A 


log vAv 


4,118.549 8 


.5450 H 


a*H 6 


zi/e 


53,094 


4.225 


3.93 


4.30 


4.04 


4,120.211 


.2065 H 


b*Gi 


zWs 


48,383 


3.302 


3.30 


3.393 


2.76 


4 121. 806 8 


(.803) 


b^Pi 


x*F, 


47,093 


3.281 


3.34 


3.420 


2.64 


4,137.612 S 


.6087 H 


b*Po 


wWi 


47,272 


3 . 581 


3.55 


3.81 


2.86 


4,132.060 S 


.0580 H 


aWi 


y*Fz 


37,163 


4.581 


4.53 


4.81iJ 


(2.58) 


4,132.903 


.899 


6 8 Pi 
(a3F 2 ) 


wWt 
(y 5 P 2 ) . 


47,136 
37,158 


3.512 


3.63 


3.86 


2 . 92 


4,134.681 S 


. 6774 H 


6»P 2 


wWi 


47,017 


3.929 


3.86 


4.17 


3.16 


4,137.002 


.9978 H 


a*Pi 


yWt 


51,708. 


3.566 


3.45 


3.677 


3.37 


4,143.418 




a l Gt 
a*Fz 


V l Gi 
y*Fi 


48,703 
36,686 


4.298 
4.862 


3.97 
4.70 


4.86/2 


3.50 


4,143.871 S 


.8684 H 


(2.68) 


4,147.673 S 


.6691 H 


a*Fi 


z*Gt 


36,079 


3.399 


3.65 


3.81 


1 . 43 


4,149.372, 


.3662 H 


«»F« 


e'Ge 


50,968 


3.15 


3.31 


3.446 


3.14 


4,152.172 


.1697 H 


a*Fz 


z*Fi 


31,805 


3.474 


3.33 


3.26 


0.52 


4,153.906 




z*Fz 
b*P* 


P>F* 
V*Pi 


51,462 
46,902 J 


3.616 
3.749 


3.74 
3.53 


3.909 
4.15 


3, 63 


4,154.502 


.499 


2.80 


4,156.803 S 


(.800) 


6 3 Pa 


u*Di 


46,889 


3.781 


3.76 


4.064 


3.03 


4,157.788 




C 3 Pi 


f*F 3 

X*Pl 


51,604 
48,305 


3.448 
3.300 


3.57 
3.40 


3.726 
3.575 


3.48 


4,170.906 S 


(.903) 


2.88 


4,172.126 




aWi 


W*Pt 


50,187 


3.323 


3.37 


3.57 


3.09 


4,172.749 


.743 


a 6 Fz 


z*Dt 


31,686 


3.678 


3.45 


3.519 


0.63 


4,174.917 


.911 


a*Fi 


zWz 


31,323 


3.783 


3 . 48 


3.452 


0.60 


4,175.640 S 


(.637) 


b*Pi 


n 6 Z> 2 


46,889 


3.705 


3.74 


4.004 


3.01 


4,176.571 




z*F* 
(z*Fz) , 


PFs 
(e'F 2 ) 


51,103 
51,331 


3.358 


3.49 


3.638 


3.33 








4,177.597 


. 5936 H 


aWt 


z*Fa 


31,307 


3.747 


3.44 


3.393 


0.56 


4,181.758 


.7546 H 


6 3 P 2 


u*Dz 


46,745 


4.125 


4.11 


4.427 


3.36 


4,184.895 5 


.8918 H 


63p 2 


y'P 2 


46,727 


3.665 


3.66 


3.904 


2.91 


4,187.044 


.041 


zWz 


eWi 


43,634 


4.110 


4.12 


4.48r 


2.94 


4,187.802 


.798 


zWi 


eWz 


43,435 


4.146 


4.12 


4.49r 


2.92 


4,191.436 


.4301 H 


zW* 


e'Di 


43,764 


3.923 


4.04 


4.336 


2.88 


4,195.337 




z*Ff> 
z*Fi 


e*G 6 
e*G* 


50,704 

51,219 
43,163 


3.551 

3.30 
4.161 


3.63 

3.37 
4.11 


3.80 

3.54 
4.4Cr 


3.42 


4,196.218 




3.23 


4,198.310 


.3040 H 


2.87 


4,199.098 


.0952 H 


oiG4 


z l H 6 


55,526 


4.620 


4.23 


4.64r 


4.69 


4,202.031 S 


.0286 H 


aWi 


z*G* 


35,768 


4.540 


4.66 


4.81# 


(2.47) 


4,203.987 S 


(.984) 


6«Pl 


y*Pz 


46,727 


3.619 


3.60 


3.852 


2.85 


4,206.702 
4,207.130 


.6957 H 
. 127 


a 5 Z>a 
b*Pi 


ziPz 
z*Si 


24,181 
46,601 


3.85? 
3.03 


3.35 \ 
3.26 J 


3.30 


(-0.71) 


4,210.352 


.347 


3 7 Dl 


eWx 


43,764 


3.87 


3.86 


4.124 


2.70 


4,213.650 S 


(.647) 


6'Pi 


V*Po 


46,673 


3.30 


3 . 33 


3.425 


2.57 


4,216.186 S 


. 1830 H 


a 6 I>4 


ziPi 


23,711 


4.636 


3.83 


3.83r 


(-0.16) 


4,217.551 




Z<5Fl 


e*Gi 


51,370 


3.180 


3.51 


3.698 


3.38 


4,219.364 S 


.3601 H 


a»Z7«.' 


y z Is 


52,514 


4.019 


3.80 


4.124 


(3.92) 


4,222.219 


.2132 H 


zWz 


eWz 


43,435 


3.717 


3.86 


4.097 


(2.63) 


4,224.176 




z*F* 
z&Fz 

z 6 F 6 


e-iF* 
e*Gz 

e^Gs 


50,833 
51,219 

50,523 


3.400 
3.347 

4.268 


3.57 
3.55 

4.15 


3.91 
3.756 

4.520 


3.37 


4,225.460 




3.41 


4,227.434 


.4261 H 


(3 . 86) 


4,231.525 




o3Z) 3 
a 6 Di 
zWi 


v*Gz 

: ziPi 

eWz 


49,851 
24,507 
43,634 


2.84 
3.02 
4.021 


4.06 


4.42r 


(3.55) 


4,232.732 




(-1.13) 


4,233.608 


.6023 # 


(2.95) 


4,235.942 


.9365 H 


zWt 


eWi 


43,163 


4.432 


4.27 


4.67r 


(3.17) 
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Xi 


X S 


Classification 


E' 


log It 


log It 


log Ii 


log vAv 


4,238.816 


.8091 H 


z*F» 


c8G4 


50,980 


3.661 


3.81 


3.982 


(3.55) 


4,239.847 




a*Gi 


V*Gs 
z 3 5i 


45 , 295 


2.67 






(-0.08) 
2:67 


4,245.258 


.2568 H 


6*Po 


46,661 


3.191 


3.43 


3.570 


4,247.432 


.4250 H 


Z*Fi 


e«G 6 


50,704 


3.749 


3.75 


4.008 


(3.50) 


4,248.228 




C 8 Pl 


X 3 P2 


48 , 305 


2.969 


3.18 


3.267 


(3.17) 
(3.01) 


4,250.125 




2*Z>2 


eW> 


43,435 


4.278 


4.22 


4.59r 


4,250.790 5 


(.786) 


a 3 F 8 


z*Gi 


36,079 


4.508 


4.59 


4.76/2 


(2.45) 


4,258.320 


.3154 H 


a*Z> 2 


z^P, 


24,181 


3,573 




2.99 


(-0.92) 


4,260 479 


.4737 H 


2*Z>6 


eWs 


42,816 


4.894 


4.62 


4.95r 


(3.41) 


4,267.830 5 


(.826) 


c'Po 


Z*P\ 


48,516 


3.14 


3.33 


3.417 


2 . 82 


4,271.159 




z'Da 


e 7 Z>4 


43 , 163 


4.40 


4.25 


4.67r 


(3.12) 
(2.88) 


4,271.764 5 


.7605 H 


o»F 4 


*»G6 


35,379 


5.088 


4.96r 


4.95ft 


4,282.406 5 


.4031 H 


a*P* 


Z»52 


40,895 


4.391 


4.12 


4.48r 


(2.85) 


4,285.445 5 


(.441) 


&»#« 


y 3 /7« 


49,434 


3.08 


3.23 


3.276 


2.84 


4,291.466 


.4632 H 


a*F t 
a*D, 


Z6G2 
Z'P4 


35,856 
23,711 


3.881 


3.36 


3.215 


1.11 
(-0.86) 


4,294.128 5 


. 1245 H 


a*F 4 


z*G* 


35,257 


4.148 


4.35 


4.65ft 


(2.07) 


4,298.040 5 


(.036) 


a^Ot 


x*Gi 


47,835 


3.313 


3.23 


3.255 


2.62 


4,299.242 


.2343 H 


zWt 


eWt 


42,816 
49,604 


4.394 


4.23 


4.66r 


(2.82) 


4,305.455 5 


(.451) 


c*Pt 


y»5i 


47,556 


3.20 


3.29 


3.344 


2.65 


4,307.906 5 


.9019 H 


a'Fs 


z*G* 


35,768 


5; 129 


4.91r 


4.93/2 


(3.01) 


4,309.380 


.374 


b*G 6 


z*H* 


46,982 


3.524 


3.44 


3.60 


2 73 


4,315.087 5 


.0842 H 


a*Pi 


z*Si 


40 , 895 


4.212 


4.03 


4.31 


2.48 


4,325.765 5 


.7620 H 


a»F» 
(a*Z>4) 


z*G% 

(z?F,) 


36,079 
23,111 


5.181 


4.96r 


4.95ft 


(3.06) 


4,327.100 




1 Z>2 


z*G% 


51,708 


3.310 




3.38 
4.15r 




4,337.049 5 


.0464 H 


a»Fi 


35,612 


3.471 


3.98 


(1.59) 


4,347.239 




a 6 Z>4 


z 7 F* 


22 , 997 


2.53 






(-116) 
2.27 


4,352.737 5 


.7342 H 


a*Pi 


Z*S* 


40,895 


3.9 


3.82 


3.998 


4,367.581 


.5779 H 


6»G?4 


z*H* 


47,008 


3 400 


3.32 




2.61 


4,369.774 5 


.7716 H 


a^4 


z*G* 


47,453 


3.910 


3.55 


3.699 


2.90 


4,375.932 5 


.9295 H 


0»Z>4 


zWi 


22,846 


4.945 


4.04 


4.11ft 


(0.11) 


4,383.547 5 


... 5454 H 


a»F 4 


z*Gt 


34,782 ' 


5 472 


4.99r 


5.08ft 


(3.23) 


4,388.412 




Z 5 P| 


e*Pi 


51,837 


3.200 
3.217 


3.36 
3.20 


3.441 
3.110 


3.30 
2.50 


4,390.954 5 


(.950) 


6»G* 


z*H* 


47,107, 


4,404.752 5 


.7508 H 


a'Ft 


z*Ga 


35,257 


5.068 


4.91 


4.95ft 


(2.93) 


4,408.419 5 


(.415) 


a«P« 


x*Di 


40,405 


2,62 


3.53 


3.599 


1.91 


4,415.125 5 


. 1227 H 


a»F* 


z*Gx 


35,612 


4.528 


4.71 


4.81ft 


(2.45) 


4,422.570 5 


.5680 ff 


6»Pi 


xWx 


45,552 


3 483 


3.53 


3.669 


2.61 


4,427.312 5 


.3098 H 


a«Di 


zW* 


23,193 


4 823 


3.99 


4.08ft 


(0.09) 


4,430.618 5 


(.615) 


a»Pi 


x*Do 


40,491 


2.67 


3.57 


3.66 


(0.80) 


4,433.223 




z 5 Pt 


C 6 Pl 


52,020 


3.12 
2.33 


3.25 
3.87 


3.328 
4.06 


3.22 
(2.25) 


4,442.343 5 


(.340) 


0*P 8 


x*Dt 


40,231 


4,443.197 5 


(.193) 


6»Po 


x*Di 


45,552 


3.509 


3.57 


3.72 


(3.54) 


4,445.48 




a5/> 2 


z*Ft 


23,193 


2.39 






(-1.43) 


4,447.722 5 


(.719) 


a^Pi 


x*D\ 


40,405 


3.017 


3.78 


3.958 


(2.30) 


4,450.320 




c 3 P» 


y 3 Si 


47,556 


3.39 




2.432 


(3.92) 







7-100 



ATOMIC AND MOLECULAR PHYSICS 
Table 7g-6. The Spectrum op Iron I (Continued) 



Xi 


X 2 


Classification 


E' 


log It 


log I» 


log It 


log vAv 


4,454.383 8 


(.379) 


6»P 2 


xWt 


45,282 


3.364 


3.41 


3.484 


(2.84) 


4,459.121 « 


(.118) 


a*Pi 


x*D% 


39,970 


3.24 


3.89 


4.072 


(2.47) 


4,461.654 S 


.6528 H 


a*Dt 


zWt 


23,111 


4.576 


3.94 


3.88ft 


(-0.10) 


4,466.554 5 


.5506 H 


6 3 P 2 

(a^Di) 


(zWo) 


45,221 
23,270 


4.057 


3.93 


4.164 


(-0.57) 
(-1.07) 


4,469.381 


.3747 H 


z*P* 


e*Pi 


51,837 


3.391 


3.47 


3.614 


3.41 


4,476.021 


.0173 H 


b*Pi 


xWt 


45,282 


3.895 


3.85 


4.086 


(2.83) 


4,482.171 


. 1689 H 


a*D\ 


z*Ft 


23,193 \ 
40,231 J 


• 








4,482.257 


.253 


a*Pi 


x*Dt 


4.4 


3.9 


4.0 


(-0,36) 


4,489.741 5 


.7396 H 


a*D* 


zWx 


23,245 


3.741 


3.41 




(^0.77) 


4,494.568 5 


.5632 H 


a*Pt 


x*Dt 


39,970 


3.353 


3.98 


4.182 


2.30 


4, 517.530 5 


.526 


C»Pl 


J/8PX 


46,902 


2.40 




2.724 




4, 528.619 5 


.6137 H 


a 6 P* 


x*Di 


39,626 


3.747 


4.17 


4.46r 


(2.74) 


4,531.152 5 


.149 


a*F t 


V*F* 


34,040 


3.050 




3.804 


(1.41) 


4,547.851 S 


.847 


aWi 


zW% 


50,587 


3.409 




3.425 




4,592.655 5 


.652 


a 8 Fa 


y*F% 


34,329 


2.77 




3.500 




4,602.944 8 


.942 


a*F* 


V*Fi 


33,695 


3.123 




3.774 


(1.48) 


4,647.437 S 


.4338 H 


6^6 


y*Gi 


45,295 


3.532 




3.473 




4,667.459 S 


(.455) 


« 5 P« 


e 7 Pi 


50,475 


3.231 




3.455 




4,678.852 S 


(.848) 


z 6 Pi 


f*D* 


50,423 


3,254 




3.556 




4,691.414 S 


.410 


b*G* 


V*G* 


45,428 


3,345 




3.330 




4,707.281 S 


.277 


z*Di 


e*F* 


47,378 


3.342 




3.525 




4,710.286 5 


.282 


b*Gt 


y*Qi 


45,563 


3.26 




3.127 




4,733.596 5 


.592 


a*Fi 


y*Di 


33,096 


2.42 




3.025 




4,736.780 


.777 


z*Di 


e*Fs 


47,006 


3.517 




3.798 




4,741.533 S 


.529 


b*P* 


w*Dt 


43,923 


2.44 




2.87 




4,745.806 S 


(.802) 


2*Pj 

V*Da 


PGt 


50,534 
54.161 


2.605 




2.86 




4,772.817 S 


(.814) 


c'Ps 
o'Ps 


x*D* 
y*Dz 


45,282 
33,507 


2.602 




2.84 




4,786.810 S 


.807 


c»P« 


x*Dt 


45,221 


2.888 




3.161 




4,789.654 5 


.650 


aW* 


z*Di 


49,477 


3.415 




3.301 




4,859.748 5 


.744 


zTt 


eWi 


43,764 


3.654 




4.017 




4,871.323 


.3174 H 


zW% 


eWi 


43,634 


4.096 




4.529 




4,872.144 


.140 


zWi 


e*D\ 


43,764 


3.790 




4.207 




4,878.218 5 


.214 


2'Po 


eWx 


43,764 


3.527 




3.894 




4,890.762 


.758 


zWt 


eWt 


43,634 


4.049 




4.352 




4,891.496 


.4915 H 


z?Ft 


eW% 


43,435 


4.404 




4.64r 




4,903.317 5 


.313 


2'Fl 


eWt 


43,634 


3.513 




3.852 




4,918.999 5 


.996 


zWi 


eW% 


43,435 


4.178 


> 


4.410 




4,920.509 


.5020 H 


zWi 


eWi 


43,163 


4.681 




4.80r 




4,924.776 5 


.772 


a 3 P 2 


V*Dz 


38,678 


2.75 




3.030 




4,938.820 


.816 


z^Ft 


eWt 


43,435 


3.438 




3.74 




4,939,690 5 


.687 


a 5 Pe 


z*Fi 


27,167 


3.024 




3.350 




4,957,302 


.302 


z'Fa 


eWt 


43,163 


3.14 








4,957.603 


.5956 H 


z^Fe 


eWi 


42,816 


5.16 




5. OR 




4,966,096 5 


.0937 H 


z*F 6 


e*Ft 


47,005 


3.400 




3.614 




4,982,507 


.504 


V 5 Z>4 


P>Pl 


53,161 


3.430 




3.714 





IMPORTANT ATOMIC SPECTRA 
Table 7g-6. The Spectrum of Iron I (Continued) 



7-101 



Xi 


U 


Classification 


E' 


log It 


log 1 1 


log I* 


log vAv 


4,994.133 5 


.129 


o.*Fa 


z*Fz 


27,395 


3.191 




3.410 




5,001.871 5 


.866 


z*F* 


e*Di 


51,294 


3.861 




3.895 




5,006.126 


.125 


zW 6 


eWi 


42,816 


4.051 




4.176 




5,012.071 5 


.080 


atFt 


z*Fi 


26,875 


3.791 




3.887 


(0.33) 


5,014.950 


.952 


2»F. 


e*D% 


51,740 


3.538 




3.682 




5,041.759 5 


.756 


a*F 4 


z*F* 


31,806 


4.241 




3.748 




5,049.825 5 


.823 


a*P* 


V*Di 


38,175 


3.506 




3.979 




5,051.636 5 


.636 


a*F t 


z*F* 


27,167 


3.523 




3.690 




5,079.226 


.220 


a*P% 


V*Px 


37,410 


3.732 




3.557 




5,083.342 5 


.341 


a*F, 


z*F z 


26,875 


3.27.8 




3.492 




5,110.414 5 


.4127 H 


a*Di 


zW t 
(z l H*) 


19,562 
48,383 


4.238 




3.613 


(-0.85) 


5,123.723 5 


.721 


a*Fi 


z*Fi 


27,666 


3.323 




3.415 




5,127.363 5 


.361 


a*Ft 


z*F h 


26,875 


3.002 




3.212 




5,133.692 


.6893 H 


V 6 Fs 


f*G* 


53,169 


3.577 




3.786 




5,150.843 5 


.840 


a*Ft 


z*Fi 


27,395 


2.506 




3.322 




5,166.286 


.2816 H 


a*D* 


zW 6 


19,351 


3.901 




3.190 


(-1.21) 


5,167.491 5 


.4882 H 


a*F* 


zWi 


31,323 


5.37 




4.71ft 


(l. 67) 


5,168.901 5 


.8980 # 


o«Di 


zWt 


19,757 


3.926 




3.48r 


(-103) 


5,171.599 5 


.5959 H 


a*F* 


z*F A 


31,307 


4.651 




4.23ft 


(1.2$) 


5,191.460 


.4539 H 


ZIP* 


eWx 


43,764 


3.701 




4.080 


(2.64) 


5,192.350 


.3432 H 


z*P% 


eW» 


43,435 


3.914 




3.250 


(2,80) 


5,194.943 


.942 


a»F| 


z*F* 


31,805 


4.275 




3.88r 


(0.96) 


5,198.714 5 


.713 


a*P\ 


V*P* 


37,158 


2.39 




3.32 




5,202.339 5 


.332 


a*P, 


V*Pt 


36,767 


2.85 




3.725 


(1.26) 


5,204.582 


.5822 H 


a*Dt 


zWt 


19,913 


3.464 




2.86 


(-1.34) 


5,216.278 5 


.2737 H 


a»Fs 


z*F% 


32,134 


4.171 




3.78 


(0,97) 


5,225.531 


.531 


a*Dx 


zWi 


20,020 


2.90 






(-1.78) 


5,227.192 5 


. 1880 H 


a*F t 


zWt 


31,686 


5.02 




4.93 




5,232.946 


.9404 H 


z->P* 


eWt 


42,816 


4.436 




4.61r 


(2.95) 


5,235.392 5 


.387 


b*F t 
c*F 4 


x*Dt 
u*D* 


39,970 
51,969 


2.73 




2.96 




5,236.204 




c*Ft 
a l I* 


8i 
ziH* 


52,858 
48,383 


1.83 
3.20 




3.326 




5,242.495 5 


.491 




5,247.065 


.061 


a*D* 


zWi 


19,757 


2.89 






(-2.00) 


5,250.211 


.216 


a«Do 


zWi 


20,020 


2.44 






(-1.93) 


5,250.650 5 


.647 


a*P* 


V*Pt 


36,767 


2.78 




3.402 


(1.02) 


5,263.314 


.3051 H 


z*D t 


6*Dl 


45,334 


3.195 




3.60 




5,266.562 


.5553 H 


z'Pt 


eWi 


43,163 


4.033 




4.281 


(3.26) 


5,269.541 


.538 


a*F% 


z*D* 


25,900 


5.058 




4.68r 


(1.45) 


5,270.360 5 


.357 


a»F» 


z*Di 


31,937 


4.914 






(1.48) 


5,281.796 


.7899 H 


ziP* 


eW% 


43,435 


3.477 




3.832 




5,283.628 


.6208 H 


z*D z 


e 6 Z>« 


45,061 


3.811 




4.045 




5,302.307 


.2994 H 


z*Di 


e*D* 


45,335 


3.423 




3.736 




5,307.365 5 


.3607 H 


a*F 2 


2»F| 


31,805 


3.337 




3.00 


(0.12) 


5,324.185 


. 1787 H 


z*D t 


e 6 Z>4 


44,677 


4.182 




4.393 


(3.07) 


5,328.042 


.039 


a*F t 


z*Dz 


26,140 


4.867 




4.70ft 


(1.29) 
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Table 7g-6. The Spectrum of Iron I (Continued) 



Xt 


\2 


Classification 


E' 


log 1 2 


log I J 


log It 


log vA v 


5,328.534 8 
5,332.903 
5,339.935 
5,341.026 S 
5,364.874 


.530 
.8990 H 
.9289 H 
.0239 H 


a'Fa 
a*Ft 
z*Dt 
o3F 2 
z*Gi 

z*G* 
z 6 Gt 
aWt 
(z*Gi) 
z*G% 
a*Fi 

z*Gi 

a*Fz 
z*Gi 
a*Ft 
a*Fi 

a*Ft 
a*Fi 
a*Fx 
a*Fi 
a*Ft 

z*Fi 
z*Fi 
z*Fi 
z*Fs 
z&Fz 

z*Fz 
y*Fs 
y*D* 
y*Fz 
y*F* 

v*Fs 
z*G* 
z*G* 
z*Gs 
z*G4 

z*G t 
z*G* 
z*Gi 
asPz 
zWs 

a*Ps 
a*Pi 
a*Pi 
a*P* 


zWi 
z*Fa 
e*Di 
zWi 
e*H* 

e*H< 

z*Di 

e«# 6 
z*D* 

e*Hi 
z*Di 
e*H 7 
z*Dt 
z*Do 

z*D* 
z*Dx 
z*Dz 
z&Dt 
z»Di 

e*Di 
e 8 D 2 
e*Dt 
e*D* 
e*D* 

e*D> 

e 6 Fs 
e*F* 
e*Fi • 

e*Ft 
e*F* 
e*F 2 
e*Ft 
e*Fi 

e*F2 
e*F 6 
e*F* 
z*Px 

e*Fi 

z*P* 
z&P* 

Z*Pi 
Z*Pt 


31,323 
31,307 
45,061 
31,686 
54,491 

54,237 
53,874 
26,340 
54.379 
53,353 
25,900 

54,267 
26,479 
53,275 
26,140 
26,550 

26,340 
26,479 
26,340 
25,900 
26,140 

45,509 
45,334 
45,061 
44,677 
45,334 

45,061 
51,351 
47,006 
47,756 
47,378 

47,006 
47,961 
48,928 
47,378 
47,756 

48,532 
47,006 
47,378 
29,773 
47,378 

29,469 
29,469 
29,056 
29,056 


4.507 

3.951 

3.874 

4.65 

3.384 

3.564 
3.725 
4.622 

3.844 
4.459 

3.819 
4.353 
3.842 
4.414 
4.048 

4.337 
4.144 
3.374 
3.299 
3.494 

3.541 
3.806 
4.074 
4.262 
3.319 

3.22 

3.661 

3.53 

3.48 

3.53 

3.66 
3.39 
3.28 
4 . 040 
3.26 

3.36 
3.69 
3.34 
3.61 
3.11 

3.79 
3.75 
4.161 
3.76 




4.20r 
3.155 
3.846 
4.00r 
3.64 

3.79 
3.91 
4.61/2 

4.11 
4.4312 

4.08 

4.4912 

4.08 

4.4812 

4.2812 

4.42ft 

4.4212 

3.60 

3.46 

3.68 

3.807 

4.06 

4.43 

4.375 

3.574 

3.597 
3.241 


(1.19) 
(0.25) 

(1.11) 


5,367.470 
5,369.965 
5,371.493 S 

5,383.374 
5,397.131 S 

5,404.144 


.4674 H 
.9624 H 
.4895 H 

.3692 H 
. 1275 H 


(1.10) 
(0.81) 


5,405.778 5 
5,424.072 
5,429.699 8 
5,434.527 8 

5,446.920 8 
5,455.613 8 
5,497.519 8 
5,501.469 8 
5,506.782 8 

5,569.625 8 
5,572.849 8 
5,586.763 8 
5,615.652 8 
5,624.549 S 

5,658.826 8 
5,662.525 S 


.7747 H 
.0689 H 
.6966 H 
.5240 H 

.9171 H 
.6096 H 
.5162 H 
.4636 H 
.7788 H 

.6176 H 
.8421 H 
.7557 H 
.6436 H 
.5419 H 

.8158 H 


(0.86) 

(0.89) 
(0.72) 

(0.82) 
(0.72) 


7,187.341 






7,445.776 






7,495.088 






7,511.045 






7 , 586 . 044 






7,780.586 






7,937.166 






7,998.972 






8,046.073 






8,220.406 






8,248.151 






8,327.063 






8,331.941 






8,387.781 
8,661.908 










8,688.633 






8,824.227 
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Fig. 7g-5. Photoelectric traces of the iron spectrum, hollow cathode discharge in neon. 
Wavelength range, 2,400-5,700 A. Single dots denote neon lines; two dots indicate Fe II 
lines. 
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Fig. 7g-5 (Continued) 



7t404 



ATOMIC AND MOLECULAR PHYSICS 

90 mA Iron-Neon 
Hollow Cathode 




5.0 



4.0 



JL , ^.,,^uJL-XJ L^L 



Uii/ — JLu^'A Sr- J^ 



•A~L- 



JO M N) fO MM 



S S S I 



ro ro io N 



Fig. 7g-5 (Continued) 
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Mercury I. This spectrum is very useful because of the ease with which it can be 
obtained. Any low-pressure mercury tube gives sharp lines; for example, a com- 
mercial so-called bactericidal lamp is suitable. High-pressure lamps give broader 
lines and very-high-pressure lamps (commercial type H6) a continuous spectrum. The 
mercury spectrum is useful as a general reference spectrum. Under high dispersion 
most lines show elaborate isotopic and hyperfine structure because there are six iso- 
topes with considerable abundance: 198 (10.1 per cent), 199 (17.0 per cent), 200 (23 3 
per cent), 201 (13.2 per cent), 202 (29.6 per cent), 204 (6.7 per cent). The two odd 
ones have lines with hyperfine structure. The structure of the lines is sometimes use- 
ful for obtaining the resolving power of spectrographs (for details of structure, see 
Schuler and Burns and Adams 1 ). An example is shown in Fig. 7g-6. 




Fig. 7g-6. High-dispersion photoelectric trace of the 5,461-A line of ordinary mercury 
showing isotope and hyperfine structure. Resolving power was 400,000. 

Pure Hg 1 " can be obtained by irradiation of gold with neutrons. Lamps with this 
isotope are now commercially available and the spectrum shows very sharp single lines. 
Meggers has proposed to adopt the wavelength of the green line (5,461) of Hg 198 as a 
primary standard of length. International adoption of this proposal/however, awaits 
investigation of the variability of the wavelength with discharge conditions. In 
the meantime most of the strong lines of Hg 1 ", particulary those marked S in Table 
7g-7, may be used as standards for interferometric wavelength measurements. 

Hg 202 is the most abundant isotope in natural mercury. Tubes with nearly pure 
Hg 202 are also available and their wavelengths may also be used as standards. 

Table 7g-7 gives the wavelengths of natural mercury, Hg 198 and Hg 202 . All valves 
listed between 2,300 and 6,900 A are recent interferometric wavelengths; those out- 
side this interval are known with much less accuracy. 

'™ er and Keyston, Z. Physik 72, 423 (1931); Schuler and Jones, Z. Physik 79, 631 
(1932); Burns and Adams, /. Opt Soc. Am. 42, 716 (1952). 
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Table 7g-7. The Spectrum of Mercury I 



Classification 


X (Hg nat.) 


X Hg 198 


XHg 202 


log/ 


6^ 


Q l P 


1,402.72 






(4) 


frS 


7*P 


1,849.52 






(20) 


6 x iS 


7 3 P 2 


2,296.97 








6 3 P 


10 3 S 


2,345.433 


45.4400 


45.4369 


5.33 


6 3 P 


8 3 Di 


2,378.316 


78.3246 


78.3224 


6 60 


6 3 Pi 


10 3 £ 


2,446.895 


46.8998 


46.8974 


4.44 


6 3 P 


9 3 S 


2,464.057 


64.0636 


64.0614 


4.31 


6 3 Pi 


8 3 D 2 


2,481.996 


81.9993 


81.9971 


5.43 


6 3 Pi 


8 3 Di 


2,482.710 


82.7131 


82.7112 


4.94 


6 3 Pi 


&D% 


2,483.815 


83.8215 


83.8196 


5.23 


6 3 P 


7 3 Di 


2,534.764 


34.7691 


34.7662 


6.35 


6^ 


6 3 Pi 


2,536.517 


36.5063 


36.5277 


8.95 


6 3 Pi 


9*5 
9 3 S 




63.8610 
76.2904 


63.8584 
76.2882 




6 3 Pi 


2,576.285 


5.00 


6 3 Pi 


7 3 D 2 


2,652.039 


52.0425 


52.0399 


6.20 


6 3 Pi 


7 3 Di 


2,653.679 


53.6827 


53.6809 


6.75 


6 3 Pi 


7 1 !) 


2,655.127 


55.1305 


55 . 1284 


5.63 


6 3 P 2 


9 3 Z> 3 


2,698.828 


98.8314 


98.8293 


5.35 


6 3 P 


8 3 S 


2,752.778 


52.7828 


52.7801 


5.58 


6 3 P 2 


10 3 £ 


2,759.706 


59.7103 


59.7077 


4.0 


6 3 P 2 


8 3 Z) 3 


2,803.465 


03.4706 


03.4678 


5.25 


6 3 P 2 


8 3 D 2 


2,804.434 


04.4378 


04.4357 


4.56 


6 3 P 2 


8 3 Di 


2,805.344 


05.347 


05.3474 


3.49 


6 3 P 2 


&D 


2,806.759 


06.765 


06.7630 


3.52 


6 3 Pi 


S l 8 


2,856.935 


56.9389 


56.9357 


4.30 


6 3 Pi 


8 3 £ 


2,893.594 


93.5982 


93.5952 


5.88 


6 3 P 2 


9 3 £ 


2,925.410 


25.4135 


25.4104 


4.82 


6 3 P 


6 3 Di 


2,967.280 


67.2832 


67.2819 


6.52 


6 3 P . 


6 1 !) 


2,967.543 








6 3 P 2 


7 3 2) 3 


3,021.498 


21.4996 


21.4973 


6.09 


6 3 P 2 


7 3 Z> 2 


3,023.475 


23.4764 


23.4739 


5.45 


6 3 P 2 


7 3 Z>i 


3,025.606 


25.6080 


25.6056 


4.43 


6 3 P 2 


7 l D 


3,027.487 


27.4896 


27.4874 


4.76 


6 3 Pi 


6 3 D 2 


3,125.6681 


25.6698 


25.6675 


6.62 


6 3 Pi 


6 3 Di 


3,131.5485 


31.5513 


31.5480 


6.48 


6 3 Pi 


6 1 !) 


3,131.8391 


31.8423 


31.8394 


6.56 


6 3 P 2 


8 3 S 


3,341 4766 


41.4814 


41.4766 


5.85 


6 3 P 2 


6 3 D 3 


3,650.1533 


50.1564* 


50.1532 


6.94 


6 3 P 2 


6 3 D 2 


3,654.8363 


54.8392 


54.8361 


6.51 


6 3 P 2 


6 3 Di 


3,662.879 


62.8826 


62.8801 


5.70 
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Table 7g-7. The Spectrum of Mercury I (Continued) 
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Classification 



6 3 P 2 

6*P 

6*P 

6 3 P 

6 3 Pi 

VP 
6*P 
6*P 
6 3 Px 
6»P 

6 3 P 2 

6^ 
6*P 

7 3 S 

7*£ 

7 3 £ 
7 3 S 
7*S 

VP 

7*S 
7 l S 
7 3 S 
7*S 

§ l D 

7 3 P 2 
6 3 Z>i 
7 3 P 2 
6 3 Z> 2 

6 3 Z> 3 

7 3 P 
7 3 P X 
7 3 P 2 



9*D 
S'D 

7 3 £ 
7*5 

9*5 
7 3 Z) 2 

7 3 # 
8*5 

7*S 

6 3 7) 2 

6 3 Z>! 

9*P 
8*P 
8 3 P 2 
8 3 Pj 
8 3 P 

7^ 

7 3 P 2 

7ip 

7 3 P X 
7 3 P 

7 3 Z> 3 
5 4 P 2 
7 1 !) 
5 3 P 3 



X (Hg nat.) 



3,663.2793 

3,704.1655 

3,906.371 

4,046.5630 

4,077.8314 

4,108.054 

4,339.2232 

4,347.4945 

4,358.3277 

4,916.068 

5,460.7348 
5,769.5982 
5,789.664 
5,790.6630 



5 3 P 4 

8 3 # 
8 3 £ 
8 3 S 



6,907.52 
7,082.01 O 
7,092.20 

10,139.75 
11,287.04 
13,570.70 
13,673.09 
13,950.75 
15,295.25 
16,918.3 O 

16,920.97 
16,942.33 O 
17,072.67 
17,109.57 

17,202.08 
22,499.29 O 
23,253.47 
36,261 O 



XHg 1! 



63.2808 

04.1698 

06.3715 

46.5712* 

77.8379 

08.0574 

39.2244 

47.4958 

58.3372* 

16.0681 



60.7532 S 
69.5985 S 
89.669 
90.6629 8 
6,072.7128 

6,234.4020 

6,716.4289 

07.4612 



XHg 2 ' 



63.2778 
04.1712 
06.3715 
46.5619 

77.8284 

08.0572 
39.2251 
47.4967 
58.3257 
16.0677 

60.7355 

69.6000 

89.671 

90.6648 

72.6260 

34 3776 
16.3253 
07.4675 



log/ 



6.35 
3.94 
4.56 
7.09 
6.00 



4.74 
5.17 
7.07 
4.35 

6.76 
6.02 
4.41 
5.97 



6.20 
5.98 
5.36 
5.53 
5.26 
5.78 



4.72 
4.90 
4.74 



4.49 
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Values obtained by Blank 1 for Hg 198 are 3,650.1569, 4,046.5716, and 4,358.3376. 

Intensities are rough photoelectric values obtained at The Johns Hopkins Uni- 
versity with a low-pressure neon-mercury discharge. The scale is the same as for 
neon (Table 7g-2). Intensities may be considerably different for other discharge 
conditions. 

Mercury Tube 






Fig. 7g-7. Photoelectric traces of the mercury spectrum, low-pressure mercury tube, 60-cps 
discharge. Wavelength range 2,400-5,800 A. In order to bring out the weaker lines, 
the sensitivity was increased -so that the ghosts of the strong lines show. 

Notes on Table 7g-7. All wavelengths are interferometric values by Burns, 2 except 
where otherwise noted. 

Those marked (natural mercury) are older values, sometimes of questionable 
accuracy. The values of Hg 198 marked by * or S are averages, the latter proposed for 
international standards. 

i Blank, /. Opt. Soc. Am. 40, 345 (1950). 

2 Burns, Adams, and Longwell, /. Opt. Soc. Am. 40, 339 (1950); Burns and Adams, 
J. Opt. Soc. Am. 42, 56 (1952); 42, 716 (1952). 



7h. Data on Characteristic X-ray Spectra 



X-ray wavelengths have |>een measured in two kinds of units. The older measure- 
ments are given in X units (XU) which are based on the effective lattice constant of 
rock salt being 2,814.00 XU. More recently X-ray wavelengths have been directly 
connected, through measurements with ruled gratings, to the wavelengths in the 
optical region and through them to the standard meter. It turned out that the XU 
which was originally intended as 10" 11 cm was 0.202 per cent larger than this value. 
It has become customary to give X-ray wavelengths in Angstrom units (A) when the 
absolute scale is used (1 A = 10~ 8 cm). The two are related by 

1,000 XU = (1.00202 ± 0.00003) A 

and wavelengths given in XU must be multiplied by 1.00202 and then divided by 
1,000 in order to convert them into Angstrom units. 

In the following tables the wavelengths are in general expressed in XU/1,000 and 
should be multiplied by the conversion factor, therefore, in order to convert them to 
absolute Angstroms. 

The terminology of X-ray levels and lines is shown in Fig. 7h-l. 
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LEVEL DESIGNATION 
BY QUANTUM NUMBERS 



LEVEL DESIGNATION 
AFTER BOHR' d COSTER 

KI -nrm 



— I ___0__|r t __-|2s'/, 



OPTICAL 
SYMBOLS 



2 ._ --Jr 2 --2 2 S'/ f 
2-l--J Sf -2 2 P'/ t 
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* 2 sv, 
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Fig. 7h-l. Energy-level diagrams of X-ray spectra. 
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Table 7h-l. Wavelengths of K Sebies Lines Repbesenting Tbansjtions 

in the Obdinaby X-bay Enebgy-level Diagbam Allowed by the 

Selection Pbinciples* 



Siegbahn 


Kct2 


Kct\ 


Kfi 


#0i 


Kp 2 


Sommerfeld 


Ka! 


KOL 


Kfo 


W 


Ky 


transition 


K-Ln 


K-Liu 


K-Mu 


K-Mm 


K-LnNni 


4 Be 


115.7 








5B 


67.71 








6C 


44.54 








7N 


31.557 








80 


23.567 








9F 


18.275 








11 Na 


11.885 


11.594 




12 Mg 


9.869 


9.539 




13 Al 


8.3205 


7.965 




14 Si 


7.11106 


6.7545 




15 P 


6.1425 


5.7921 




16 S 


5.3637 


5.3613 


5.0211 




17 CI 


4.7212 


4.7182 


4.3942 




19 K 


3.73707 


3.73368 


3.4468 




20 Ca 


3,35495 


3.35169 


3.0834 




21 Sc 


3.02840 


3.02503 


2.7739 




22 Ti 


2.74681 


2.74317 


2.5090 




23 V 


2.50213 


2.49835 


2.2797 




24 Cr 


2.28891 


2.28503 


2.0806 




25 Mn 


2.10149 


2.09751 


1.90620 




26. Fe 


1.936012 


1.932076 


1.753013 




27 Co 


1.78919 


1.78529 


1.61744 




28 Ni 


1.65835 


1.65450 


1.47905 


1.48561 


29 Cu 


1.541232 


1.537395 


1.38935 


1.37824 


30 Zn 


1.43603 


1.43217 


1.29255 


1.28107 


31 Ga 


1.34087 


1.33715 


1.20520 


1 . 1938 


32 Ge 


1.25521 


1.25130 


1.12671 


1.11459 


33 As 


1 . 17743 


1 . 17344 


1.05510 


1.04281 


34 Se 


1 . 10652 


1 . 10248 


0.99013 


0.97791 


35 Br 


1.04166 


1.03759 


0.93087 


0.91853 


36 Kr 


0.9821 


0.9781 


0.8767 


0.8643 


37 Rb 


0.92776 


0.92364 


0.82749 


0.82696 


0.81476 


38 Sr 


0.87761 


0.87345 


0.78183 


0.78130 


0.76921 


39 Y 


0.83132 


0.82712 


0.73972 


0.73919 


0.72713 


40 Zr 


0.78851 


0.78430 


0.70083 


0.70028 


0.68850 


41 Nb 


0.74889 


0.74465 


0.66496 


0.66438 


0.65280 


42 Mo 


0.712105 


0.707831 


0.631543 


0.630978 


0.619698 


43 Tc 


0.675 


0.672 


0.601 




44 Ru 


0.64606 


0.64174 


0.57193 


0.57131 


0.56051 


45 Rh 


0.61637 


0.61202 


0.54509 


0.54449 


0.53396 


46 Pd 


0.58863 


0.58427 


0.52009 


0.51947 


0.50918 


47 Ag 


0.56267 


0.55828 


0.49665 


0.49601 


0.48603 


48 Cd 


0.53832 


0.53390 


0.47471 


0.47408 


0.46420 


49 In 


0.51548 


0.51106 


0.45423 


0.45358 


0.44408 



7-126 



ATOMIC AND MOLECULAR PHYSICS 



Table 7h-l. Wavelengths of K Series Lines Representing Transitions 

in the Ordinary X-ray Energy-level Diagram Allowed by the 

Selection Principles* (Continued) 



Siegbahn 


Kct2 


Kai 


Kfi 


Kfr 


Kfit 


Sommerfeld 


KOL 


KOL 


Kfc 


Kf3 


Ky 


transition 


K-Ln 


K-Lm 


K-Mu 


K-'Mm 


K-LuNiii 


50 Sn 


0.49402 


0.48957 


0.43495 


0.43430 


0.42499 


51 Sb 


0.47387 


0.46931 


0.41§23 


0.40710 


52 Te 


0.45491 


0.45037 


0.39926 


0.39037 


53 1 


0.43703 


0.43249 


0.38292 0.38315 


0.37471 


54 Xe 


0.4 


17 


0.360 




55 Cs 


0.40411 


0.39959 


0.35436 


0.35360 


0.34516 


56 Ba 


0.38899 


0.38443 


0.34089 


0.34022 


0.33222 


57 La 


0.37466 


0.37004 


0.32809 


0.32726 


0.31966 


58 Ce 


0.36110 


0.35647 


0.31572 


0.31501 


0.30770 


59 Pr 


0.34805 


0.34340 


0.30439 


0.30360 


0.29625 


60 Nd 


0.33595 


0.33125 


0.29351 


0.29275 


0.28573 


62 Sm 


0.31302 


0.30833 


0.27325 


0.27250 


0.26575 


63 Eu 


0.30265 


0.29790 


0.26386 


0.26307 


0.25645 


64 Gd 


0.29261 


0.28782 


0.25471 


0.25394 


0.24762 


65 Tb 


0.28286 


0.27820 


0.24629 


0.24551 


0.23912 


66 Dy 


0.27375 


0.26903 


0.23787 


0.23710 


0.23128 


67 Ho 


0.26499 


0.26030 








68 Er 


0.25664 


0.25197 


0.22300 


0.22215 


0.21671 


69 Tm 


0.24861 


0.24387 


0.21558 


0.21487 




70 Yb 


0.24098 


0.23628 


0.20916 


0.20834 


0.20322 


71 Lu 


0.23358 


0.2282 


0.20252 


0.20171 


0.19649 


72 Hf 


0.22653 


0.22173 


0.19583 


0.19515 


0.19042 


73 Ta 


0.21973 


0.21488 


0.18991 


0.18452 


74 W 


0.21337 


0.20856 


0.18475 0.18397 


0.17906 


76 0s 


0.20131 


0.19645 


0.17361 


0.16875 


77 Ir 


0.19550 


0.19065 


0.16850 


0.16376 


78 Pt 


0.19004 


0.18223 


0.16370 


0.15887 


79 Au 


0.18483 


0.17996 


. 15902 


0.15426 


81 Tl 


0.17466 


0.16980 


0.15011 


0.14539 


82 Pb 


0.17004 


' 0.16516 


0.14606 


0.14125 


83 Bi 


. 16525 


0.16041 


0.14205 


0.13621 


92 U 


0.13095 


0.12640 


0.11187 


0.10842 


* From "Smi1 


hsonian Physical 


Tables," and A. 


H. Compton, an 


d S. K., Allison, " 


X-rays in Theory 



, Inc., Princeton, N. J., 1935. 
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Table 7h-2. Wavelengths of the More Prominent L Group Lines* 



Siegbahn 


<*2 


oti 


Pi 


I 


7] 


Sommerfeld 


a! 


a 


P 


e 


rj 


transition 


Lui-Miv 


Liu-My 


Lu-Mv 


Lm-Mi 


Ln-Mi 


16 S 






83.75 


20 Ca 


36.27 




40.90 




21 Sc 


31.37 




35.71 




22 Ti 


27.37 




31.33 




23 V 


24.31 




27.70 




24 Cr 


21.53 


21.19 


23.84 


23.28 


25 Mn 


19.40 


19.04 


22.34 




26 Fe 


17.57 


17.23 


20 09 


19.76 


27 Co 


15.93 


15.63 


18.25 


17.86 


28 Ni 


14.53 


14.25 


16.66 


16.28 


29 Cu 


13.306 


13.027 


15.26 


14.87 


30 Zn 


12.229 


11.960 


13.97 


13.61 


31 Ga 


11.27 


11.01 


12.89 


12.56 


32 Ge 


10.415 


10.153 


11.922 


11.587 


33 As 


9.652 


9.395 


11.048 


10.711 


34 Se 


8.972 


8.718 


10.272 


9.939 


35 Br 


8.358 


8.109 


9.564 


9.235 


37 Rb 


7.3027 








38 Sr 


6.8486 


6.610 


7.822 


7.506 


39 Y 


6.4357 


6.2039 




7.0310 








fit 


71 










y 


5 








5.8236 


Lni^N-v 


Ln-Niv 


40 Zr 


6.057 


5.5742 


5.3738 


41 Nb 


5.718 


5.7120 


5.4803 


5.2260 


5.0248 


42 Mo 


5.401 


5.3950 


5.1665 


4.9100 




44 Ru 


4.8437 


4.8357 


4.6110 


4.3619 


4.1728 


45 Rh 


4.5956 


4.5878 


4.3640 


4.1221 


3.9357 


46 Pd 


4.3666 


4.3585 


4.1373 


3.9007 


3.7164 


47 Ag 


4.1538 


4.1456 


3.9266 


3.6938 


3.5149 


48 Cd 


3.9564 


3.9478 


3.7301 


3.5064 


3.3280 


49 In 


3.7724 


3.7637 


3.5478 


3.3312 


3.1553 


50 Sn 


3.60151 


3.59257 


3.3779 


3.16861 


2.99494 


51 Sb 


3.4408 


3.4318 


3.2184 


3.0166 


2.8451 


52 Te 


3.2910 


3.2820 


3.0700 


2.8761 


2.7065 


53 1 


3.1509 


3.1417 


2.9309 


2.7461 


2.5775 


55 Cs 


2.8956 


2.8861 


2.6778 


2.5064 


2.3425 


56 Ba 


2.7790 


2.7696 


2.5622 


2.3993 


2.2366 


57 La 


2.6689 


2.6597 


2.4533 


2.2980 


2.1372 


58 Ce 


2.5651 


2.5560 


2.3510 


2.2041 


2.0443 


59 Pr 


2.4676 


2.4577 


2.2539 


2.1148 


1.9568 


60 Nd 


2.3756 


2.3653 


2.1622 


2.0314 


1.8738 


62 Sm 


2.2057 


2.1950 


1.9936 


1.8781 


1.7231 


63 Eu 


2.1273 


2.1163 


1.9163 


1.8082 


1.6543 
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Table 7h-2. Wavelengths of the More Prominent L Group 
Lines* (Continued) 



Siegbahn 


«2 


ot\ 


ft 


I 


V 


Sommerfeld 


a' 


a. 





e 


•n 


transition 


Lm-Miv 


Lm-My 


Ln-Mv 


Liu-Mi 


Lu-Mi 


64 Gd 


2.0526 


2.0419 


1.8425 


1.7419 


1.5886 


65 Tb 


1.9823 


1.9715 


1.7727 


1.6790 


1.5266 


66 Dy 


1.9156 


1.9046 


1.7066 


1.6198 


1.4697 


67 Ho 


1.8521 


1.8410 


1.6435 


1.5637 


1.4142 


68 Er 


1.79202 


1.78068 


1.58409 


1.51094 


1.3611 


69 Tm 


1.7339 


1.7228 


1.5268 


1.4602 


1.3127 


70 Yb 


1.67942 


1.66844 


1.4725 


1.41261 


1.26512 


71 Lu 


1.6270 


1.61617 


1.42067 


1.36731 


1.21974 


72 Hf 


1.57704 


1.56607 


1.3711 


1.3235 


1.1765 


73 Ta 


1.52978 


1.51885 


1.32423 


1.28190 


1 . 13558 


74 W 


1.48438 


1.47336 


1.27917 


1.24203 


1.09630 


75 Re 


1.4410 


1.42997 


1.23603 


1.2041 


1.0587 


76 0s 


1.39866 


1.38859 


1 . 19490 


1 . 16884 


1.02296 


77 Ir 


1.3598 


1.34847 


1 . 15540 


1.13297 


0.98876 


78 Pt 


1.32155 


1.31033 


1.11758 


1.09974 


0.95599 


79 Au 


1.28502 


1.27377 


1.08128 


1.06801 


0.92461 


80 Hg 


1.24951 


1.23863 


1.04652 


1.03770 


0.8946 


81 Tl 


1.21626 


1.20493 


1.01299 


1.00822 


0.86571 


82 Pb 


1 . 18408 


1.17258 


0.98083 


0.98083 


0.83801 


83 Bi 


1 . 15301 


1 . 14150 


0.95002 


0.95324 


0.81143 


90 Th 


0.96585 


0.95405 


0.76356 


0.79192 


0.65176 


91 Pa - 


0.9427 


0.9309 


0.7407 


0.7721 


0.6325 


92 U 


0.92062 


0.90874 


0.71851 


0.75307 


0.61359 



* From "Smithsonian Physical Tables." 
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Table 7h-3. Wavelengths of M Series Lines from 73 Ta to 92 U* 



Transi- 
tion 


73 Ta 


74 W 


75 Re 


76 Os 


77 Ir 


78 Pt 


79 Au 


81 Tl 


82 Pb 


83 Bi 


90 Th 


92 U 


MnOiv 






















2.613 
2.938 
3.006 
3.124 


2 440 


MiNui 


5.558 


5.163 
5.342 








4.451 
4.590 
4.682 


4.291 
4.424 
4.514 


4.005 
4.110 
4.207 


3.864 
3.964 
4.063 
4.235 


3.732 
3.829 
3.926 
4.096 


2 745 


MnNiv 

MmOy 




4.944 


4.770 
4.859 


2.813 
2.941 
3 114 


MmOi 




5.620 






MuNi 














3 322 


V 
















4.800 
4.815 
4.855 


4.650 
4.665 
4.705 


4.506 
4.522 
4.560 
4.813 
4.881 
4.899 

5.087 
5.108 
5.119 
5.526 
6.149 
6.508 
6.571 


3.661 
3.672 
3.710 
3.804 
3.924 
3.934 

4.112 
4.130 
4.143 
4.554 
4.901 
5.229 
5.329 


3.463 
3.473 
3.514 
3 570 


MuiNv 
MmNiv 
MivOn 


6.299 
6.340 
7.083 
6.984 
7.008 


6.076 
6.121 
6.794 
6.718 
6.743 


5.875 
5.919 


5.670 
5.712 


5.490 
5.529 


5.309 
5.346 


5.135 
5.175 


MivNvi 
M\Om 


6.491 


6.233 
6.254 


6.009 
6.025 


5.796 

5.8168 

5.975 

5.997 

6.011 

6.034 

6.045 

6.442 

7.356 

7.722 

7.774 


5.595 
5.612 
5.755 
5.794 
5.811 
5.828 
5.842 
6.241 
7.086 
7.451 
7.507 


5.220 
5.239 

5.416 
5.433 
5.450 
5.461 
5.870 

6.960 
7.017 


5.045 
5.065 

5.239 
5.256 
5.274 
5.288 
5.694 
6.371 
6.726 
6.788 


3.698 
3.708 


cl" 
a! 

MyNyu 

MyNyi 


7.201 
7.219 
7.237 


6.932 
6.948 
6.969 


6.715 


6.440 
6.459 
6.477 


6.215 
6.231 
6.249 
6.262 
6.653 
7.629 
8.002 
8.048 


3.886 
3.902 
3.916 
4 322 


MniNi 


7.596 

9.297 
9.311 


7.346 
8.559 
8.943 
8.977 






MiviVm 

MyNm 
MiyNn 


8.222 
8.612 
8.646 


8.293 
8.344 


4.615 
4.937 
5.040 



*E. Lindberg, Dissertation, Uppsala, 1931. From "Smithsonian Physical Tables.' 
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DATA ON CHARACTERISTIC X-RAY SPECTRA 

Table 7h-5. Energy Levels of X-ray Spectra* 

[Units p/R (R = 109,737.3 cm" 1 )] 
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K 


U 


Ln 


Liu 


Mi 


Mu 


Mm 


Miy 


M w 


2 He 


1.8 


















3 Li 


3.6 


















4 Be 


8.2 


0.7 
















5B 


14.2 


















6C 


21.04 


















7N 


29.4 




0^4 












80 


39.3 




0.7 












9F 


50.6 




0.9 












10 Ne 


64.0 


3.56 


1.59 


1.58 










11 Na 


78.93 


4.678 


2.263 


2.248 




0.048 






12 Mg 


96.0 


6.513 


3.658 


3.638 




0.5 






13 Al 


114.8 


8.485 


5.372 


5.343 




0.4 






14 Si 


135.4 


11.0 


7.378 


7.325 




0.5 






15 P 


157.8 


13.6 


9.68 


9.60 




0.5 






16 S 


181.9 


16.5 


12.11 


12.02 


1.23 


0.4 






17 CI 


207.91 


19.8 


14.9 


14.8 


1.4 


0.5 






18 Ar 


236.7 




18.1 


17.9 




... | 0.8 


1 




19 K 


265.6 


27.7 


21.7 


21.5 


2.40 


1.2 


0.26 


20 Ca 


297.4 


32.3 


25.8 


25.5 


3.22 


1.9 

1 


0.37 | 
0.38 

I 



* From Landolt Bornstein, "Zahlenwerte und Funktionen 
Berlin, 1950. For literature references, see this volume. 

Values given in heavy type represent the most reliable measurements. 



6th ed., vol. I, Springer- Verlag OHG, 
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Table 7h-5. Energy Levels of X-ray Spectra (Continued) 





K 


L I 


Ln 


Lin 


Afi 


Mn 


Mm 


Afiv 


Mv 


Ni 


Nu 


iVin 


#IV 


Nv 


Yi 


Fn 


21 Sc 


331.2 


37.2 


30.3 


30.0 


4.27 


2.7 


0.81 
























1 


0.77 
















22 Ti 


365.8 


41.5 


34.0 


33.6 


4.48 


2.6 

1 


0.24 | 
0.31 
















23 Va 


402.7 


46.4 


38.5 


37.9 


5.05 


3.0 

1 


0.19 | 
0.37 
















24 Cr 


441.1 


51.4 


43.0 


42.3 


5.40 


3.1 

1 


0.05 | 
0.15 
















25 Mn 


481.9 


57.2 


48.3 


47.4 


6.36 


3.8 

1 


0.44 | 
0.47 
















26 Fe 


523.9 


62.5 


53.2 


52.2 


6,95 


4.1 

1 


0.31 | 
0.37 
















27 Co 


568.1 




58.8 


57.7 


7.73 


4.7 

1 


0.42 | 
0.49 
















28 Ni 


614.1 


74.8 


64.6 


63.2 


8.53 


5.4 

1 


0.51 | 
0.53 
















29 Cu 


661.44 


80.8 


70.18 


68.703 


9.06 


5.54 

1 


0.28 | 
0.30 
















30 Zn 


711.79 


88.5 


77.21 


75.50 


10.30 


6.77 


0.80 | 


0.7 


0.5 






















1 


0.75 
















31 Ga 


765.6 




86.0 


84.1 


11.89 


9.5 

1 


1.45 1 
1.72 
















32 Ge 


817.6 




91.6 


89.3 


12.9 


8.8 
1 


1.82 

1.92 






1 










33 As 


874.05 


112.62 


100.08 


97.48 


15.00 


10.37 


3.08 




0.2 










34 Se 


932.17 




108.60 


105.62 


16.91 


1 11.82 


5.07 


4.00 




0.32 










35 Br 


992.6 




117.8 


114.3 


19.48 


13.60 1 13.21 


5.27 


5.13 




0.5 










36 Kr 


1,055.05 




127.18 


123.38 




15.62 








0.71 










37 Rb 


1,119.65 


152.65 


137.43 


133.04 


23.86 


18.41 


17.69 


8.39 


8.26 


2.28 


1.22 










38 Sr 


1,186.27 


163.33 


147.90 


142.97 


26.44 


20.71 


19.92 


10.06 


9.91 


2.89 


1.55 






0.58 




39 Y 


1,254.90 


174.72 


158.72 


153.16 


29.03 


23.00 


22.10 


11.72 


11.56 


3.31 


1.87 










40 Zr 


1,325.45 


186.27 


169.78 


163.56 


31.57 


25.14 


24.16 


13.32 


13.14 


3.66 


1.93 


0.1 





1.16 


0.40 


41 Nb 


1,398.5 


198.9 


181.7 


174.7 


34.7 


28.11 


26.91 


15.48 


15.26 


4.52 


2.67 


62 


1.70 


0.50 


42 Mo 


1.473.29 


211.22 


193.6C 


185.87 


37.43 


30.35 


29.07 


17.21 


16.97 


4.82 


2.73 


.... | 0.5 


1.73 


0.33 


44 Ru 


1.629.01 


237.54 


218.4S 


209.00 


43.07 


35.69 


33.97 


20.86 


20.55 


5.50 


3.24 


0.16 


2.20 


0.46 


45 Rh 


1,710.12 


251. 2C 


231.6C 


) 221.11 


46.07 


38.35 


36.49 


22.84 


22.49 


5.84 


3.50 


0.00 




0.21 


46 Pd 


1.793.46 


265.3^ 


245.21 


233.65 


49.27 


41.07 


39.04 


24.97 


24.59 


6.29 


3.67 


0.09 


2.17 


0.30 


47 Ag 


1.879.33 


280.42 


259.65 


' 246.94 


52.98 


44.49 


42.21 


27.56 


27.13 


7.15 


4.28 

l 


0.45 | 0.36 
0.39 


2.32 


0.16 
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7i. Constants and Energy Levels of Diatomic Molecules 



7i-l. Constants of Diatomic Molecules 

Explanation of Columns in Table 7i-l 

1. Identification of molecule. 

2. Mass numbers of the constituent atoms to which the data refer. If these are 
not specified, the naturally occurring isotope mixture is used. 

3. Reduced mass m in atomic units (0 16 = 16.0000). 

4. Designation of the normal state of the molecule. 

5. B = h/(8TT 2 ctir e *) where r e is the equilibrium distance. 

6. a from B v = B - a(v + -g-); —a = Y u . 

7. r e equilibrium distance. 

8. Vibrational frequency w = Fio. 

9. Anharmonic constant — x = F 2 o, E v = co(v + -g-) — x(v + -g-) 2 . 

10. Dissociation energy D in electron yolts. 

Uncertain quantities are enclosed in parentheses. Quantities listed within square 
brackets refer to the v = state instead of the equilibrium state. 

The data are derived mostly from molecular spectra (visible, infrared, or micro- 
wave); some are from X-ray or electron diffraction or thermochemical data. They 
have been chiefly taken from the compilation of Herzberg. For further details and 
literature references, see this compilation: G. Herzberg, "Spectra of Diatomic Mole- 
cules," D. Van Nostrand & Company, Inc., Princeton, N.J., 1950; also B. Rosen, 
"Donnees concernant les molecules diatomiques" (1951). 

The constants in the expression for the potential energy, 

V(r) = a (r - rj 2 [l + a x {r - r c ) 2 + a 2 (r - r e ) 2 +'•••] 
may be derived from the approximate expressions 

co 2 = 4£a x = -f £(a 2 - |ai 2 ) 
a = — (1 + «i) 

CO 

CO 2 ., Ot03 2l , 5 fl . 

0o=: 4B 0l = 1_ 6^ a2= ~35 + 4 ffll 
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CONSTANTS AND ENERGY LEVELS OF DIATOMIC MOLECULES 7-137 
Table 7i-l. Constants of Diatomic Molecules* 



<n 



AgBr. . . 
AgCl... 
AgH... 
Agl.... 
AgO. . 
AlBr... 
A1C1... 
A1F.... 
A1H... 
A1H+. . . 

All 

AlO 

AS2. 

AsN 

AsO 

AuCl. . . . 
AuH.... 

B 2 

BaBr.... 
BaCl.... 
BaF. . . . 
BaH. . 

Bal 

BaO 

BaS 

BBr 

BC1 

BeCl.. 
BeF. . . 
BeH,.. 
BeH+. . 
BeO... 



BF... 

BH.. 

BH+.. 

Bi 2 ... 

BiBr. 

BiCl. . 

BiF.. 

BiH. . 

Bil ... 

BiO. . 

BN... 

BO. . . . 

Br 2 ... 

BrCl.. 

BrF.. 

BrO... 

C 2 

CaBr.. 
CaCl.. 
CaF. . . 
CaH... 
CaH+. 
Cal ... 
CaO. . : 



(2) 



109 
107 
107 
107 
107 
27 
27 
27 
27 
27 
27 
27 
75 
75 
75 

197 

197 
11 

138 

138 

138 

138 

138 

138 
38 
11 
11 



11 
11 
11 
209 
209 
209 
209 
209 
209 
209 
11 
11 
79 
79 
79 
79 
12 
40 
40 
40 
40 
40 
40 
40 



81 
35 
1 
127 
16 
79 
35 
19 
1 

127 

16 

75 

14 

16 

35 

1 

11 

79 

35 

19 

1 

127 

16 

79 
35 
35 
19 

1 

1 

16 

19 

1 

1 
209 
79 
35 
19 

1 
127 
16 
14 
16 
81 
35 
19 
16 
12 
79 
35 
19 



(3) 



1 
127 
16 



46.436 
26.358 
0.99880 
58.0439 
13.9340 
20.1129 
15.2350 
11.1521 
0.971832 
0.971831 
22.2578 
10.0452 
37.467 
11 8015 
13.1848 
29.7055 
1.002999 
5.50645 
50.131 
27.9022 
16.6953 
1.000788 
65.979 
14.3311 
26.004 
9.6644 
8.37582 
7.16766 
6.11450 
0.906732 
0.906727 
5.76612 



6.97245 
0.923585 
0.923581 

104.528 
57.297 
29.9651 
17.4209 
1.00329 
78.979 
14.8625 
6.16550 
6.52305 

39.958 

24.567 

15.3542 

13 3316 
6.00194 

26.587 

18.6804 

12.88080 
0:983332 
0.983332 

30.468 

10.4265 



Normal 
state 

(4) 



12? 
12? 
12+ 
12? 

22" 

12+ 
12+ 
12+ 
12+ 
22+ 
12+ 
22+ 
i2 ff + 
12+ 

m 

12+? 
12+ 

32," 

22+ 

22 
22 

«2+ 
22? 
l 2 

12+ 
»2 

2 2 + 

*2+ 
22+ 
12+ 
12+ 

12+ 
12+ 
22+ 
l 2,+ 



32"? 



an 

2 2 + 

l 2„+ 
12+ 
12+ 

m u 

2 S + 
2 S + 
22+ 
22 

12 

22? 

12 



(5) 



0.1591 
0.242 



6.3962 
6.763 



0.64148 



7.2401 
1.212 



0.3126 



0.490 

0.6838 
(0.8) 

1.4877 
10.308 
10.7996 

1.6510 

1.518 
12.018 
[12.374] 



5.137 



1.666 

1.7803 

0.08091 



0.357165 



1.6326 

[0.26] 
[0.322] 
4.2778 
[5.71] 

0.445 



(6) 



(7) 



0.203 



8.53 X 10~< 
0.002 



0.188 
0.398 



0.00575 



0.2136 
0.014 



0.0655 
0.0014 



0.0035 
0.00646 

0.01685 
0.300 
0.2935 
0.0190 

0.017 
0.412 



0.148 



0.025 

0.01648 

0.000275 



0.005214 



0.01683 



0.0963 



1.617 



2.295 
2.138 



1.6176 



5237» 



2.2318 

1.940 

1.887 
1.7157 
(1.7) 
1.3614 
1.3431 
1.31216 
1.3308 

1.262 
1.2325 
[1.2146] 



1.281 

1.2049 

2.2836 

1.75555 



0.0033s 



.3117 

[1.86] 
[2.02] 
2.0020 
[1.73] 



♦From G. 
Princeton, N. 



1. 



(8) 



1.64592 
1.60U 



247.42 
343.6 

1,760.0 
206.18 
493.2 
378.0 
481.30 
814.5 

1,682.57 

1,610 
316.1 
978.2 
429.44 

1,068.0 
967.4 
382.8 

2,305.01 

1,051.3 
193.8 
279.3 
468.9 

1,172 



(9) 



684.31 
839.12 
846.58 
1,265.6 
2,058.6 
2,221.7 
1,487.323 

1,399.8 

(2,366) 

2,435 
172.71 
209.34. 
308.0 
510.7 

1,698.9 
163.9 
702.1 

1,514.6 

1,885.44 



671 
713 

1,641.35 
285.3 
369.8 
587.1 

1,299 

242.0 
732.1 



0.6795 

1.163 
34.05 

0.4327 

4.10 

1.28 

1.95 

8.1 
29.145 

1.0 

7.12 

1.120 

5.36 

5.3 

1.30 
43.12 

9.4 

0.42 

0.89 

1.79 
16 



2.05 



Herzberg, "Spectra of Diatomic Molecules ' 
J.. 1950. 



3.52 

5.11 

5.11 

9.12 

35.5 

39.79 

11.8297 

11.3 

(49) 

0.3227 

0.468 

0.96 

2.05 
31.6 

0.31 

5.20 
12.3 
11.769 

1.07 

3 

7 
11.67 

0.86 

1.31 

2.74 
19.5 

0.64 
4.81 



Do, 

electron 

volts 

(10) 



2 6 
3.1 
2.5 
2.98a 
(1.8) 
(2.47) 
(3.1) 
(2.5) 
3.06 

(2.9) 

3.75 

<3.96 

(6.5) 

<5.0 

3.5 

3.1 

(3.6) 

(2.8) 

(2.7) 

(3.8) 

<1.82 

4.7 
(2.3) 
(4.1) 
(4.2) 
(4.3) 
(5.4) 
(2.2) 
(3.2) 
(3.7) 
(3.0) 
(4.3) 
<3.51 

1.70 
2.74 

(3.0) 

(3.2) 

(2.7) 

(2.7) 

(2.9) 

(5.0) 

(9.1) 

1.971 

2.26 

2.19 

(2.2) 

(3.6) 

(2.9) 
<2.76 
<3.15 
<1.70 

(2.8) 
5.9 



2d ed, D. Van Nostrand Company, Inc., 
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Table 7i-l Constants of Diomatic Molecules (Continued) 



(l) 



CaS.. 

CBr.. 

CC1.. 

Cda.. 

CdBr.... 

CdCl. 

CdF.. 

CdH. 

CdH + ... 

Cdl.. 

CdS. . 

CdSe. 

CeO.. 

CH... 

CH + . 

Ch... 

Cl 2 + .. 

C1F.. 

CIO.. 

CN.. 

CO ... 

CO+. 

CoCl. 

CoH. 

CP.. 

CrO. 

cs.. 



(2) 



40 

12 

12 

112.4 
112.4 
112.4 
112.4 
112.4 
112.4 
112.4 
112.4 
112.4 
140 

12 

12 

35 

35 

35 

35 

12 

12 

12 



32 



35 

112.4 
79 
35 
19 

1 

1 

127 

32 

79 

16 

1 

1 

35 
35 
19 
16 
14 
16 
16 



CsBr . . 

CsCl.. 

CSe.., 

CsF... 

CsH... 

Csl . . . . 

CsRb.... 

Cm..... 

CuBr. . . . 

CuCl. . . . 

CuF 

CuH.... 
CuH+... 
Cul...... 

CuO 

F 2 

Fed.... 

FeH 

FeO... 
GaBr. . . 
GaCl. . . 
Gal.... 
GaO. . . . 
GdO. . . . 
GeBr... 
GeCl... 
GeF.... 
GeO .... 
GeS. . . . 



12 
133 
133 
133 

12 
133 
133 
133 
133 



127 



74 



(3) 



Normal 
state 



(4) 



17.819 

10.4367 
8.93694 

56.221 

46.722 

26.6793 

16.2568 
0.99917 
0.99917 

59.624 

24.956 

46.393 

14.3607 
0.930024 
0.930021 

17.48942 

17.48928 

12.31410 

11.026 
6.46427 
6.85841 
6.85823 

22.145 

8.65196 
12.2366 
8.72802 
66.473 
49.921 
27.998 
10.4202 
16.6277 
1.00054 
64.935 
52.0365 
31.779 
35 022 
22.4858 
14.5979 
0.992242 
0.992242 
12.084 
12.7822 
9.50227 
21.5105 
0.990261 
12.4378 
37.232 
23.2069 
44.682 
13.0142 
14.520 
38.052 
23.7466 
15.0627 
13.1540 
22.3266 



B 

(5) 



32 
2 S 

2 2 

2S+ 
22 



m 

12+ 

2 n? 

*2 
2 S + 

12+ 

2 S + 



2 S + 

12+ 

l * + 

i S + 

12+ 

12 

i S + 

i2 + 

x 2 

12+ 
i S + 
iS+ 
12+ 

22 

i S + 

2 S +? 
*V 

«2 



i2 + 
12+ 
12+ 
*2 

m 
m 
m 

12+ 
12 



5.437 

6.071 



1.8996 
1.9314 
1.9772 



[7.151°] 
0.7986 

0.8205 



0.185 
2.709 



0.3803 
7.938 
[3.30] 



(6) 



0.218 
0.189 



14.457 


0.534 


14.1767 


0.4898 


0.2438 


0.0017 


0.2697 


0.0018 


0.516509 


0.004359 



[7.8155] 



0.01735 
0.01748 
0.01896 



0.00597 
0.00624 



0.00185 
0.057 



0.0046 
0.249 



0.4704 



00029 



(7) 



1.762 
1.667 



1.1198 

1.13083 

1.988 

1.891 

1.62813 

1.1718 
1.1282 
1.1151 



1.542° 
1.562 



1.534 



[3.07] 
[3.06] 

2.34 
2.494 

[3.4] 



1.743 
1.463 
[2.27] 



(8) 



[1.435] 
[1.4760] 



846 



230.0 
330.5 
(535) 
1,430.7 
1,775.4 
178.5 



865.0 
2,861.6 

564.9 

645.3 

793.2 

(780) 
2,068.705 
2,170.21 
2,214.24 

421.2 
(1,890) 
1,239.67 

898.8 
1,285.1 
41.99 

(194) 

1,036.0 
(270) 
890.7 
142 
49/4 
160 

314.10 
416.9 
622.6 6 
1,940.4 
(1,874) 
264.8 
628 
892.1 
406.6 



263.0 

365.0 

216.4 

767.69 

841.0 

296.6 

407.6 

665.2 

9857 

575.8 



(9) 



1.0 



0.50 
12 

46.3 
37.3 
0.625 



2.99 


64.3 


4.0 


2.90 


9.9 



Do, 

electron 

volts 

(10) 



13.144 
13.461 
15.164 
0.74 



6.5 
6 5 
0.080 
2.0 

4.8 

12.6 
(1.2) 

5 

865 
1.57 
3.95 
37.0 

0,71 



1.2 

5 

0.81 

1.1 

0.5 

6.34 

3.70 

0.9 

1.3e 

2.7 9 

4 30 

1.80 



0.087 

(3.3) 
(2.8) 

0.678 

(2.0) 

(1.6) 

<3.9 

<3.2 

(7.7) 

3.47 

3.6 

2.475 
(4.4) 

2.616 

1.9 

11.108 
(9.9) 



(6.9) 
(3.8) 

0.45 
>3.9 

(6.8) 

(1.9) 
3.37 

(0.17) 
(2.5) 
(3.0) 
(3.0) 
2.89 

(3.0) 

2.75 



(4.8) 
(2.7) 
(3.7) 
2.88 
(2.9) 
(5.9) 
(3.0) 
(4.0) 
(4.9) 
(6.9) 
(5.6) 



CONSTANTS AND ENERGY LEVELS OF DIATOMIC MOLECULES 7-139 
Table 7i-l. Constants of Diatomic Molecules (Continued) 



(i) 



GeSe.. 

GeTe.. 

H 2 . .. 

H 2 +... 

HBr ... 

HBr+. 

HC1... 

HC1+. . 

Hea. . . . 

He 2 +.. 

HF. . . . 

Hg 2 . . . , 

Hg 2 + ... 

HgBr.. 

HgCl... 

HgF... 

HgH... 

HgH + .. 

Hgl ... 



H«Se. 

HgTl. 

HI... 

HI+. . 

HS..".. 

I2....: 

IBr ... 

IC1 ... 

InBr. . 

InCl . 

InH... 
Inl. .. 
InO... 
10... 
K 2 .... 
KBr... 
KCl... 

KF 

KH... 

KI 

LaO. . . . 

Li 2 

LiBr. . . . 
LiCl.... 
LiCs. . . . 
LiF . . . . 
LiH ... 

Lil....; 

LiK.... 
LiRb... 
LuO... 
MgBr . . 
MgCl... 
MgF ... 
MgH... 
MgH + . . . 
Mgl.... 



(2) 



80 



202 
202 



1 
1 
1 
127 
127 
127 
115 
115 
115 
115 
115 
127 
39 
39 
39 



39 
139 

7 



127 
127 
32 
127 
79 
35 
81 
35 
1 
127 
16 
16 
39 



19 

1 

127 

16 

7 



133 

19 

1 

127 



16 
79 
35 
19 
1 
1 
127 



(3) 



38.415 
47.129" 
0.504066 
0.503928 
0.99558 
0.99558 
[ 0.979889 
0.979889 
2.00193 
2.00179 
0.957347 
100.33 

57.785 
29.7866 
17.3604 

1 

1 

77.751 
27.655 
56.674 
101.27 

1.000187 



0.977325 
63.466s 
48.6670 
27.4221 
47.492 
26.8179 

0.999366 
60.320? 
14 0427 
14.2090 
19.488 
26.260 
18.599 
12.789* 
0.9827 
29.896 
14.3479 
3.50908 
6.3872 



Normal 
state 

(4) 



i 2 + 
i S + 

*2,+ 

12+ 

m 

12+ 
2 n 

»2« + 
s 2«+ 
12+ 

12*+ 

2 2? 

22+ 
*2? 
22+ 
12+ 
*2? 



12+ 

*n 

l V 
12+ 
12+ 
12+ 

»2+ 
12+ 
12+ 

22? 

i2 ff 
12+ 
12+ 
12+ 
12+ 
12+ 
22 



5.8056 
6.6663 


12+ 


5.0846 




0.881506 


12+ 


6.582 


12+ 


5.895 


12+ 


6.421 


12 


14.6600 




18,3998 


22 


14.23132 


22+ 


10.60470 


22 


0.967480 


22+ 


0.967479 


12+ 


20.415 


22? 



(5) 



68.809 
29.8 

8.473 
[7.95 6 ] 
10.5909 

9.9463 

7.664 

7.22 
20.939 



(6) 



2.993 

1.4 

0.226 



0.3019 

0.3183 

0.131 

0.23 

0.7706 



5.549 
6.613 



0.312 
0.206 



6.551 



[9.47] 
0.03736 

0.114162 



0.1170 
4.9959 



0.183 



0.0009 
0.14500 



0.05622 



[0.2022] 
3.407 



06727 2 



0.000219 



0.0673 



0.00704 



7.5131 



0.518 
5.818i 
6.411 



0.2132 



0.1668 
0.206 



(7) 



0.74166 

1.06 

1.413s 

[1.459] 

1.27460 

1.31526 

1.0483 

1.080 

0.9171 



(2.23) 



1.7404 
1.594. 



0.000117 
0.000536 



1.604i 

[1.35] 
2.666o 

2.32070 

2.57 

2.318 

1.8376 

[2.86] 



2.94 
2.79 
[2.55*] 
2.244 



2.672 5 



1.5953s 



[1.752] 
1.7306 
1.649 



(8) 



406.8 
323.4 

4,395.24 

2,297 

2,649.67 

2,989.74 
2,675.4 
1,811.2 
1,627.2 
4,138.52 
(36) 

186.25 
292.61 
490.8 
1,387.09 
2,033.87 
125.6 



2,309.53 



214.57 

268.4 

384.18 

221.0 

317.4 

1,474.7 
177.1 
703.09 
687 
92.64 
231 
280 

(390) 
985.0 
212 
811.6 
351.43s 



(167) 



1,405 649 

450 

(207) 

(185) 

841.66 

373.8 

465.4 

717.6 
1,495.7 
1,695.3 

312 



(9) 



1.2 

1.0 

117.99s 

62 

45.21 



52.05 


53.5 


39.2 


90.069 



0.975 

1.6025 

4.05 
83.01 
46.16 

1.09 



0.69 
39.73 



0.6127 
0.78 
1.465 
0.65 
1.01 
24.7 
0.4 
3.71 
5 

0.354 
0.7 
0.9 

14.65 
0.7 
2.23 
2.592 



23.200 
1.5 



4.07 
1.34 
2 05 
3.84 

31.5 

30.2 



Do, 

electron 

volts 

(10) 



(4.1) 
(3.2) 
4.476a 
2.648i 
3.754 
3.5o 
4.430 
4.48 
(2.6) 
(3.1) 
6.40 
<0.060 

0.7 
1.0 

(1.8) 
0.376 
(2.3) 
0.36 
<2.8 
<2.7 
(0.03) 
3.0564 
3.11 
<3.8 
1.5417 
1.817 
2.152 
<3.3 
<4.54 
<2.48 
2.7 
(1.3) 
(1.9) 
0.514 
3.96 
4.42 
<5.9 
1.8 6 
3.33 
(9) 
1.03 
4.5, 
5.1 

<6.6 
2.5 
3.5* 



(5.3) 
<3.35 

3.17 
(4.2) 

2.49 
(2.1) 
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Table 7i-l. Constants of Diatomic Molecules (Continued) 



(l) 



MgO.... 

MgS 

MnBr . . . 
MnCl... 
MnF... 
MnH..., 

Mnl 

MnO .. 

N 2 

Nj+.... 
Nai.... 
NaBr... 
NaCl... 
NaCs... 
NaF.... 
NaH... 
Nai.... 
NaK... 
NaRb.. 
NBr. . . . 
NH.... 
NiCl... 
NiH.... 
NiO. .. . . 

NO 

N0 + . . . . 

NS 

0* 

2 + 

OH 

0H+... 

Pj 

Pb 2 

PbBr. . . 

PbCl.. 

PbF... 

PbH... 

Pbl... 

PbO... 

PbS... 

PbSe.. 

PbTe. . 

PH.... 

PN.... 

P0. . . . 

PrO... 

Rba.... 

RbBr .. . 

RbCl. . 

RbCs.. 

RbF. . . 

RbH.. 

Rbl... 

& 

Sbi.-... 

SbBi. 

SbCl., 



(2) 



24 



16 



(3) 



19 
1 
127 
16 
14 
14 
23 



133 



208 



32 



Normal 
state 



(4) 



209 
35 



13.834 

32.570 

21.3757 

14.1218 
0.989974 

38.3560 

12.3926 
7.00377 
7.00363 

11.49822 

17.8588 

13.9508 

19.6052 

10.4054 
0.96579 

19.4692 

14.481 

18.122 

11.919 
0.94045 

22.110 
0.99111 
12.573 
7.46881 
7.46869 
9.74115 
8.000000 
7.99986 
0.94838 
0.94837 
15.49221 

103.63 
57.161 
29.9281 
17.4083 
1.00325 
78.722 

| 14.8534 
27.7213 
57.189 
78.996 
0.976393 
9.64651 
10.55138 
14.369 
42.469 
41.313 
25.068 
52.036 
15.5486 
0.99638 
51.089 
15.99126 
60.897 
76.95s 
27.1744 




72 

7 2? 
7 2? 

72 
72? 

12+ 
12+ 
12+ 

12+ 
12+ 
12+ 
12+ 

32" 
2fl? 

2 A§ 

'n* 
m 

Wo 

m 

32" 

*n? 

*n? 

m 

mi 

m? 

12+ 
12+ 
i S + 
*S 

32" 

12+ 

m 
is 

12+ 
12+ 
32„- 
12+ 



B 

(5) 



0.5743 



5.68548 



2.010 
1.932 
0.15471 



(6) 



0.0050 



0.16079 



0.0187 
0020 
0.00079 



4.9012 
2.9 



16.65 
7.823 
1.7046 



0.7736 
1.445666 
1.6722 
18.871 
16.793 
0.3032? 



4.971 



0.3073 
0.10605 



0.1353 



0.64 

0.248 

0.0178 



[8.412] 

0.7862i 

0.7613 



0.00612 

0.01579i 

0.01984 

0.714 

0.732 

0.00142 



0.144 



0.0019 
0.000873 



0.00557 
0.0055 



3.020 
0.2956 



0.072 
0.0016 



(7) 



1.749 



1.73075 



1.094 
1.116a 

3.0786 
(2.64) 
(2.51) 



(8) 



785.1 

525.2 

289.7 

384.9 

618.8 

[1,490.58] 

(240) 

840.7 

2,359.61 

2,207.19 

159.23 

315 

380 

(98) 



1.8873 
[2.90] 



1.038 
1.474<» 
1.1508 



1.495 

1.20739s 

1.1227 

0.9706 

1.0289 

1.894i 



1.922 
2.394s 



[1.432 8 ] 
1.4910 
1.448s 



2.367 
3.26 

1.889 



(9) 



1,172.2 

286 

123.29 

106.64 

693 
(3,300) 

419.2 
1,926.6 

[615] 
1,904.03 

1,220.0 
1,580.361 
1,876.4 
3,735.21 
[2,955] 
780.43 
256.5 
207.5 
303.8 
507.2 
1,564.1 
160.5 
721.8 
428.14 
277.6 
211.8 
(2,380) 
1,337.24 
1,230.64 
818.9 
57.28 

(253) 
49.41 

936.77 

725.68 
269.85 
220.0 
369.0 



5.1s 
2.93 
0.9 
1.4 
3.01 



(1.5) 
4.89 
14.456 
16.136 
0.726 
1.15 
1.0 



19.72 
0.75 
0.400 
0.455 
5.0 

1.04 



13.97 



Do, 

electron 

volts 

(10) 



7,75 
12.0730 
16.53 

82.81 



2.96 
0.50 
0.88 
2.30 
29.75 
0.25 
3.70 
1.201 
0.51 
012 



6.52 
1.20 
0.96 



14.15 

2.852 
059 
0.50 
0.92 



(3.7) 
(2.9) 
(2.9) 
(3.3) 
(3.9) 
«2.4) 

(4.4) 
9.756 
8.724 
0.73 
3.85 
3.58 

<5.3 
(2.2) 
3.16 
0.62 
(0.57) 
(3.0) 
(3.8) 
(7.3) 

<3.1 

6.487 
10.6 
(5.9) 
5.080 
6.48 
4.35 
4.4 
5.031 
(0.7) 
2.97 
3.h 
3.4: 
1.59 
2.8 4 
(4.3) 
(4.7) 
(4.3) 
(3.5) 

(6.3) 
(6.2) 

0.49 
3.9s 
3.96 
5.4* 

(1.9) 
3.29 
4.4 
(3.7) 
(3.0) 
(4.6) 



CONSTANTS AND ENERGY LEVELS Of d1At6MIC MOLECULES ?-14l 
Table 7i-l. Constants of Diatomic Molecules (Continued) 



(1) 


(2) 


SbF 




19 
14 
16 
16 


SbN 




SbO 




ScO 


45 


Se 2 


80 


80 


SeO 




16 


Si 2 




SiBr 






SiCl 


28 


35 


SiF 


28 


19 


SiH 


28 


1 


SiN 


28 


14 


SiO 


28 


16 


SiO + 


28 


16 


SiS 


28 


32 


SiSe 


28 




SiTe 


28 




SnBr.... 






SnCl.... 




35 
19 
1 

16 


SnF 




SuH 




SnO 




SnS 




SnSe.... 






SnTe. . . . 






SO 


32 


16 


SrBr 




79 
35 
19 
1 
127 
16 


SrCl 




SrF 




SrH 




Sri 




SrO 




SrS 




Te 2 






TeO 




16 
35 


TiCl 


48 


TiO 


48 


16 


TlBr... 




81 
35 
19 

1 


T1C1 




TIF 




T1H..... 




Til 




127 
16 


VO 


51 


YbCl. . . . 






YO 


89 


16 


ZnBr. . . . 






ZnCl.... 




35 
19 

1 

1 

127 


ZnF 




ZnH 




ZnH + . . . . 




Znl 


64 


ZnS 






ZnTe 






ZrO 


90 


16 



(3) 



16.4394 
12.5627 
14.142i 
11.8012 
39.971 
13.3047 
14.034 
20.774 
15.5474 
11.3187 
0.97308 
9.33526 
10.18013 
10.18006 
14.92589 
20.664 6 
22.954, 
47.774 
27.0190 
16.3823 
0.99964 
14.0999 
25.253 
47.430 
61.514 
10.66472 
41.532 
25.001 8 
15.6183 
0.99667 
51.849 
13.5302 

23.482 

63.823 
14.2169 

20.2278 

11.9979 

57.979 

29.869 

17.3882 
1.003184 

78.312 

12.1768 

29.435 

13.5606 

35.970 

22.790 

14.725 
0.992826 
0.992826 

42.528 

21.520 

43.243 

13.5836 



Normal 
state 

(4) 



*2 

an 

*2 



«n 
m 
m 
m 

*2+ 
1S+ 

22 

12+ 

»S 

12+ 

m 
m 
mi 
m 

12+ 

1S+ 

12+ 

12 

3 S - 

22+ 

2 S + 
2 S + 

22+ 
22? 
»S 



m 

i 2 + 

12+ 

12+ 

12+ 

12+ 

»A? 

22? 

*2 

22? 

22 

22 

2 2 + 

12+ 

22? 



B 

(5) 



0.0907 



0.5795 

7.49e 

0.7310 

0.7263 

0.7320 

0.30363 



5.293 
0.3540 
(0.157) 



0.70894 



3.6751 
0.3378 



0.5355 



4.806 
0.3876 



6.6794 
7.403 



(6) 



0.00027 



0.213 

0.00567 

0.00494 

0.0133 

0.00149 



0.00450 



0.005622 



0.6187 



0.0814 
0.0020 



0.0031 



0.154 
0.0024 



0.2500 
0.236 



(7) 



2.15; 



1.603 
1.520 
1.571s 
1.510i 
1.504 2 
1.9288 



1.785 
1.83.79 
(2.06) 



2.1455 

1.921 

[2.59] 



1.620 
(2.68) 
2.55 

1.870 

(2.87) 
1.890 



1.5945 
1.5146 



(8). 



(9) 






0.0070 (1.416) 



614.2 
942.0 
817.2 
971.55 
391.77 
907.1 
(750) 
425.4 
535.4 
856.7 
(2,080) 
1, 151.680 
1,242.03 
(851) 
749.69 
580.0 
481.2 
247.7 
352.5 



822.4 
487.68 
331.2 
259.5 

1,123.7, 
216.5 
302.3 
500.1 

1,206.2 
173.9 
653.5 

251 

796.0 

456.4 

1,008.4 
192.1 
287.47 
475.00 

1,390.7 
150 

1,012.7 
293.6i 
852.5 
(220) 
390.5 
(630) 

1,607.6 

1,916 
223.4 



2.77 

5.6 

5.30 

3.95 

1.06 

4.61 

1.5 
2.20 

4.7 

6.560o 
6.047 

2.58 
1.78 
1.30 
0.62 
1.06 
2.69 

3.73 
1.34 
0.736 
0.50 
6.116 
0.51 
0.95 
2.21 
17.0 
0.42 
4.0 

0.55 
3.50 
6.3 
4.61 
0.39 
1.24 
1.89 
22.7 
0.6 
4.9 
1.23 
2.45 

1.55 

(3.5) 
55.14 
39 
0.75 



3.45 



Do, 

electron 

volts 

(10) 



(4.2) 
(4.8) 
(3.8) 
(7) 
3.55 
(5.4) 

(3.7) 
(4.0) 



(4.5) 
(7.4) 

(6.6) 
(5.8) 
(5.5) 
(3.0) 
(3.6) 
(3.9) 

(5.6) 

3.0 

(4.6) 

(4.2) 

5.146 

(2.8) 

(3.0) 

(3.5) 

<1.68 

(2.2) 

(4.5) 

<2.7 

<3.18 

3.453 

(1.0) 

(6.9) 

<3.19 

3.75 

<4.72 

<2.18 

<2.64 

(6.4) 

(1.2) 

(9) 

(3.0) 

0.851 
(2.5) 
(2.0) 

4.4 

2.2 
(7.8) 
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7i-2. Energy Levels and Potential Curves of Important Diatomic Molecules 

The following molecules are represented: 



C 2 .. 
CN. 
CO. 



Fig. 7i-l N,.. 
Fig. 7i-2 I NO. 
Fig. 7i-3 1O2.. 



Fig. 7i-4 
Fig. 7i-5 
Fig. 7i-6 
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C( 3 P)+C( 3 P) 



E(e-v) 
10 




r(lO' 8 cm) 



Fig. 7i-l. Potential curves of C2. (G. Herzberg, "Spectra of Diatomic Molecules," 2d ed. % 
D. Van Nostrand Company, Inc„ Princeton, N.J., 1950.) 
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60,000 



40,000 



20,000 




3 r ( lO- 8 cm) 

Fig. 7i-6 Potential curves of 2 . (G. Herzberg, " Spectra of Diatomic Molecules/' 2d ed 
D. Van Nostrand Company, Inc., Princeton, N.J., 1950.) 



7j. Constants of Polyatomic Molecules 

G. HERZBERG AND L. HERZBERG 

Division of Physics 
National Research Council of Canada 



7j-l. Introduction. The following tables present some of the more important data 
on simple polyatomic molecules derived from infrared, Raman, and microwave 
spectra. Tables 7j-l through 7j-4 give the fundamental vibrational frequencies (in 
cm of all triatomic and four-atomic molecules for which these quantities have been 
determined and for a few important five- and six-atomic molecules. The point groups 
to which the molecules belong are indicated in the last column. The numbering of 
the vibrations is in accordance with the practice followed by many authors in recent 
years 1 and now established by international agreement. 2 

For most molecules listed the fundamentals are active in both the infrared and the 
Raman spectrum. However, for molecules of high symmetry, certain vibrations 
cannot occur in the Raman spectrum, others not in the infrared spectrum, and a few 
in neither one: for triatomic linear symmetric molecules (ZU), Vl is Raman active 
and v 2 and *> 3 infrared active; for four-atomic linear symmetric molecules (D^), v h p 2 , 
and v 4 are Raman active and v 3 and *> 5 infrared active; for four-atomic planar molecules 

* G. Herzberg, "Molecular Spectra and Molecular Structure. II. Infrared and Raman 
Spectra of Polyatomic Molecules,'' D. Van Nostrand Company, Inc., Princeton, N.J., 1945. 
2 R. S. Mulhken, JCP 23, 1997 (1955). 
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with a threefold axis (D tt ), vi is Raman active, p 2 infrared active, and * and * are 
both Raman and infrared active; for five-atomic tetrahedral molecules (T d ) all vibra- 
tions are Raman active but only v z and v A are infrared active; for linear symmetric six- 
atomic molecules, the vibrations n, *> 2 , *,, *,, *, are Raman active and the remaining 
ones are infrared active, for six atomic molecules with three mutually perpendicular 
planes of symmetry (V h ), the vibrations v lt p 9 , Pio, *n, »i* are infrared active and all 
others, except * 4 , are Raman active, for six atomic molecules of C 2h symmetry, v ly v 2 , 
„,, Vi , p h and ps are Raman active, and the others are infrared active. ..... 

Tables 7j-5 through 7j-15 give the rotational constants A [0 ], B [0 ], C[o] of all tri- 
atomic, four-atomic, five-atomic, and six-atomic molecules for which they are known. 
These rotational constants are, apart from the factor Hf*w% the reciprocal moments 
of inertia, and therefore from them the geometrical parameters of the molecule can be 
determined if a sufficient number of isotopes have been investigated. The geometrical 
parameters thus obtained are also listed in Tables 7 j -5 through 7J-15. 

The constants A [0] , B [0] , C [0] refer to the lowest vibrational level which still includes 
the zero-point vibration. In the few cases in which these constants have been deter- 
mined for the true equilibrium positions, the equilibrium constants A e , B e , C e are also 

^Microwave spectra give the constants in Mc/sec while infrared and Raman spectra 
give them in cm"*. Here all microwave values have been converted to cm-* by divid- 
ing by c = 2.997928 X 10 10 cm/sec. 

In the alphabetical order used, D is counted as an H m order to have the deuterated 
molecules appear with the corresponding nondeuterated ones. Element symbols 
without mass numbers refer to the most abundant isotope. 

Many of the data have been taken from the books by Herzberg* and by Gordy , Smith, 
and Trambarulo.' In addition, the literature up to the end of 1953 has been included. 
For detailed tables of microwave frequencies, reference should be made to Kisliuk 

^MosToTthe geometrical data are still based on DuMond and Cohen's 1951 set of 
atomic constants. 4 A few data that were recalculated are based on the 1953 set. 
However, the difference amounts to less than 0.01 per cent (<0.0001 A). 

2W. C Gordy, W. V. Smith, and R. F. Trambarulo, "Microwave Spectroscopy," John 
Wiley & Sons, Inc., New York, 1953. "',tt \si- kiq 

3 P. Kisliuk and G. H. Townes, Natl. Bur. Standards (U.S .) Circ 518. 

4 J. W. M. DuMond and E. R Cohen, Phys. Rev 82, 555 (1951) 

* J W M DuMond and E. R. Cohen, Revs. Modern Phys. 25, 691 (1953). 
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7j-2. Fundamental Vibrations 

Table 7j-l. Triatomic Molecules 
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Molecule 



(B0«)-.. 
BrCN... 

CF 2 

C1CN ... 

cue... 
C10 2 .... 

(CIO,)-, 
CO*.... 
(C0 2 )+.. 

cs 2 

FCN... 

F 2 

HCN ... 
DCN... 
(HF 2 )". . 
HgBr 2 . . 
HgBrl.. 
HgCl 2 . . . 
HgClBr. 
HgClI... 

Hgl 2 

H 2 

HDO... 

D 2 

HOCl... 
DOC1. . . . 

H 2 S 

HDS... 

D 2 S 

H 2 Se 

HDSe... 

D 2 Se 

ICN 

(N 3 )-.... 

N 2 

N0 2 

(NO,)-.. 
(N0 2 ) + . . 
NO'CL... 

NOF 

8 

(OCN)-. . 

OCS 

(SCN)-.. 
(SeCN)-. 

so 2 

(U0 2 )++. . 



vii cm -1 



1,388 



749* 

580 
1,162 

714 

688 

943.2 

797 
3; 2i> 2 - l,285.5f 
(1,265) 

655 
(2,294) 

928 
2,095.5 
1,928 
(595)t 

223 

195 

363 

270 

204 

156 
3,657.05 
2,723.7 
2,666 
3,626 
2,674 
2,610.8 



1,892 
2,260 
1,691 
1,630 

470 
1,350* 
1,285.0 
1,306 
1,325J 
1,400* 
1,799 
1,844.0 
1,110 

870* 

859.2 
2,066* 
2,051.5* 
1,151.4 

860J 



vi t cm 



368 
665.0 
396* 
(330) 
445 
396 
667.3 

(397) 

461 
711.7 
568.9 
l,248t 
53 

"75 

(40) 

(50) 
46 
1,595.0 
1,403 
1,178.7 
1,242 

911 
1 , 183 
1,090 

855 
1,074 

905 

745 

321 

630* 

588.78 

755 

831 1 



592 
521 
705 



521.5 

(398)* 
575* 
517.7 

(210) t 



*% cm -1 



Values in parentheses are uncertain or have been obtained indirectly. 

* Observed in liquid only. 

t Fermi resonance between v\ and 2i»j. 

X Observed in crystal only. 



(1,480) 
2,187 

2,213 

969 
1,110.5 

844 
2,349.3 

1^510 
(1,052) 
828 
3,311.68 
2,629.3 
l,-510t 
(307) 

423** 

390 

408 

(235) 

3,775.79 

3,707.5 

2,787.3 

739 

739 
2,626 
(2,684) 
1,900 
2,350 
2,352 
1,696 
2,158 
2,080* 
2,223.75 
1,621 
1,360J 

332 
765.9 
1,043 
2,180* 
2,050.5 
750* 

930J 



Point 
group 



CqoV 

Civ 
Ceot; 

Civ 

D„ h 

A* 

Coov 

C 2 „ 

Coo* 

cun 

D„ h 

c„ v 

D Mh 

Civ 

c, 

Civ 

c. 

G. 

Ci v 
c. 

Civ 

C%v 

c. 

Civ 
Caov 

D Mh 

Civ 
Civ 

c. 
c. 

Civ 

Coot> 
Coo© 
Cao« 
Cw 
Civ 
Civ 
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Table 7j-2. Four- atomic Molecules 



Molecule 



AsCl 3 ... 
AsF 3 .. . 
AsH 3 ... 
AsD 3 ... 
BBr 8 ... 
BCU... 
BF 3 .... 
BiCl 3 ... 
(Br0 3 )" 
CFCIO. 
CF 2 0.. 



C2H2 

C 2 HD 

C 2 D 2 

C2I2 

CI2CO 

ChCS: 

C1F 3 

(CIO,)" 

C 2 N 2 

(CO,)" 

(GeCl,)".... 

HC2CI 

DC2CI 

(HCO2)-... 

H2CO 

HDCO 

D2CO 

HN, 

HNCO 

HNCS...... 

HNO2 (cis) . 

(trans) . . . 
DN0 2 (cis) . 

(trans) . . . 

H 2 2 

D2O2. 

H 2 S 2 

(io,r 

NF,.. 

NH 3 

NH 2 D 

NHD 2 

ND, 

(NO,)" 

P4 



vi t cm -1 



P2 } cm" 



410 

707 
2,116.1 
1,523.1 

279 
•471 

888 

288 

803* 
1,868 
1,942 

3,373.2 

3,334.8 

2,701.8 

2,113 

1,827 

1,121 

750 

940 
2,328.5 
1,088* 

320* 
3,319 
2,610 
2,825* 
2,780 
2,845 
2,055.8 
3,335.6 
3,531 
3,536 
3,426 
3,590 
2,530 
2,650 
3,395* 
2,510* 
2,513* 

779* 
1,032 
3,336.7 



193 

341 
2,123 
1,529.3 
(372) 

460 

691.3 

130 

428* 
1,095 

965; 

2*2 - l,907f 

1,974.0 

1,851.2 

1,764.9 

191 

575 

496 

644 

617* 

850.6 
1,438* 

162* 
2,109 
1,979 
1,584* 
1,743.6 
2,121 
1,700 
2,140.4 
2,274 
1,963 



vz } cm 



vi, cm 



2, 420 .4 

l,048t 

606 



1,696 

1,690 

1,421* 

1,009* 

882* 

390J 

647 

949.8 

2,418 

748.8 
1,380J 

363 



370 
644 
906 
660.0 
806 
956 
1,445.9 
242 
828 
776 
626 



159 
274 

1,003 
714 
151 
243 
480. 
96 
350* 
501 

1,249 



j>6, cm" 



*% cm* 



3,282.5 

2,584 
2,439.1 

718 

297 

287 

508 

988* 
2,149 

866* 

253* 

756 

742 
1,386* 
1,503 
1,723 
1,105.7 
1,269.0 
1,527 

995 

(1,292) 

1,260 



613,3 
518.8 
511.4 
307 
849 
(660) 
428 
479* 
507.2 
714 
139 



415 
584 

730.74 

683 

538.7 



Point 
group 



667 

774 



1,018 

877 

878 

510 

826 

905 
3,444 
1,592 
1,234 
2,555.6 

714J 

465 



1,352 

2,874 

1,398 

2,159.7 

1,152.5 

798 
(817) 

856 

794 

816 

739 

(490) 

538 * 



240 


440 


(363) 


(200) 


316 


395 


(240) 








606 




476 




773* 


1,069* 


1,280 


1,167 


1,041 


1,074 


990 


938 


657.9 


738.8 


572 


670 


469 


600 


(598) 


637 


598 


543 


(591) 


508 


591 


416 



3,590 

2,482* 

2,577 



330 

493 
1,627.5 

884 

813 
1,191.2 

834J 



2,556 



1,255 
1,004* 

886 



1,464 



Czv 
C%v 
Czv 
Czv 

D ih 
D* h 
Dzh 

Czv 
Czv 

c, 

Civ 

D« h 

D„ h 

Cu 

c, 

Czv 

D00A 

Dzh 

Czv 

C00V 
Coo« 

C 2v 
C2V 

C. 

Czv 
C a 

c. 
c a 
c. 
c, 
c. 
c a 

C 2 
C 2 

c* 

Czv 
Czv 

Czv 

c, 

Cs 

Czv 

Dzh 
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7^149 



Molecule 


i»i, cm" 


V2, cm" 1 


*>3, cm -1 


j> 4 , cm -1 


* 5 , cm -1 


*»6, cm -1 


Point 
group 


PBr 3 


380 
510 
892 
817 
827 
860 
822 
2,322.9 


162 
257 
487 
421 
524 
527 
503 
992.0 
1,700 

165 
781.5 
561.1 
438 

1,390 

(488) 
(795) 


400 
480 
860 


116 
190 
344 






Civ 


PC1 3 






C» v 


PF 8 






Ctv 

c 


PFBr 2 


393 
496 
833 




PFCI2 






c. 
c 


PF2CI 






PFClBr ..... 


415 
2,327.7 
1,097 

906 

320 
1,894.2 
1,362.0 

206 

220* 




d 


PH 3 


1,122.4 
892 






Ctv 

c. 
c. 


PH 2 D... ... 






PHD 2 . . 


2,320 
360 
1,890.9 
1,358.8 

448 

278* 

1,067 

679 

(1,229) 

(1,312) 




980 


SbCl,...,.... 


134 
830.9 
592.5 
53 




c,„ 


SbH 3 






(?)C„ 
(?)C„ 


SbD 3 ....... 






S2CI2 

(SnCl,)-...:. 


537 


245 


so 3 


531 






D,K 


S202 






S0C1 2 

SOF2 


(443) 
(720) 


(343) 
(529) 


(282) 
(395) 


(192) 
(326) 


(?)C. 
C 



Values in parentheses are uncertain or have been obtained indirectly. 

* Observed in liquid only. 

t Fermi resonance between vi and 2w. 

t Observed in crystal only. 
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Table 7j-3. Some Five-atomic Molecules 

















Point 


Molecule 


v\ t cm -1 


vt, cm * 


vi f cm l 


*>4, cm -1 


1/5, cm 1 


ve, cm x 


group 


CH 4 


2,916.5 


1,533.6 


3,018.7 


1,306.2 






T d 


CD 4 


2,084.7 


(1,054) 


2,258.2 


995.6 






T d 


CF 4 . 


904 


435 


1,283 
J794 
1756 


632 
310.0 






T d 
T d 


CCU 


459 


221 










CBr* 


267* 


122* 


671* 


182* 






T d 


SiH 4 


2,187 


978 


2,183 


910 






T d 


SiF-4 


800 


268 


1,031 


391 






T d 


SiCl 4 


424* 


150* 


608* 


221* 






T d 


SiBr 4 


249* 


90* 


487* 


137* 






T d 


GeH 4 




819.3 


2,113.6 


930.9 






T d 


GeF 4 ...... 


(740) 


(200) 


800 


260 






T d 


GeCl 4 . .... 


396* 


134* 


453* 


172* 






T d 


GeBr 4 


(234)* 


78* 


328* 


111* 






T d 


CH 3 F 


2,964.5 


1,475.3 


1,048.2 


2,983 


1,468 


1,198 


Czv 


CH3CI 


2,966.2 


1,354.9 


732.1 


3,043 


1,451 


1,017 


Civ 


CH 8 Br 


2,972 


1,307 


610 


3,056 


1,443 


954 


C*t> 


CH3I...... 


2,969.8 


1,251.5 


532.8 


3,061 


1,439 


882 


Civ 


SiHsCl... 


2,195 


1,090 


(460) 


2,150 


952 


770 


Cs. 


CHF 8 


3,035 


1,140 


700 


1,378 


1,152.2 


508 


dv 


CHCls.... 


3,032 


671 


365 


1,218 


768 


256 


Czv 


CHBn.... 


3,040 


541 


222 


1,142 


668 


154 


Civ 


CHI3 


(3,040)t 


385f 


145 f 


l,064f 


581 1 


92t 


Civ 


SiHClt.... 


2,274 


497 


250* 


810 


600 


179* 


Civ 


SiHBr 3 .... 


2,232* 


358* 


169* 


769* 


473* 


111* 


Civ 


CF3CI 


1,102 


783 


478* 


1,210 


560 


356* 


Civ 


CF 3 Br 


1,087 


762 


348 


1,207 


548 


305* 


Civ 


CF3I 


1,076 


743 


284 


1,185 


539 


265* 


Civ 



Values in parentheses are uncertain or have been obtained indirectly. 
* Observed in liquid phase only, 
f Observed in solution only. 



CONSTANTS OF POLYATOMIC MOLECULES 



7-151 



B 

■J 
P 
Q 
H 

O 



S 
o 

1 

n 

s 

■a 



(21 



fa 



£■ S 



Ik 



f a 



* a 



- 1 

« a 



3 



o 



/«*; »< i^^t^ N «* ** ** « ** w* N w eo « to 



CO b- oo oo 

^ N iO H 
^ O W M 



OS © CO CO 
00O00H 
OS CM i-h OS 



O CO »0 Tt< 
i-H 00 "^ OS 

O0WN h 



H ifl JO N N 
CO © ^ CO 00 
<N h M W N 



CO 00 N »o »c 

H lO 05 CO " 

CO Tf( CO N 



§ 



CM O 

lO iO 
l> OS 



H^HN(OOM»0>0 
ONNHXONCON 
OOOOOOOOO^CDNN 



00 iC 00 O CM CO 
W N ^ O N N 
"tf CO 00 CM CO CO 



tO 00 -* o CO 
*C 00 OS 00 OS 

C5N N O CO 



©wootMcocMootMooio 

M^OOhhOOOONiOcO 
CDC35MCiOt)*cOOONO : 



g OS o n oo 

OO^NOOO 

^ os n tj< e* 



OS O CO CM 00 CM 

©MO® ON 

O i-H Tt< H i-H CO 



NCOQHNHOCOCOIOOO 
MWOkOT(*H0500NOO 
CO CM © »0 CO tM iO CO 00 00 CO 



O N 

00 o 

CO CO 



OS N 
<* OS 
N CM 



t-H lO 

i-H OS 



iO o 

lO CO 



N OS 
N OS 

OS OS 



© f-H O Tt< TJH 

»C CO N CO o 
CO CO CM © i>» 



O iO t-h O CO CO 
00 CM rfH CO iO o 
CO N O T-i O 00 



SO t* OS o o 
00iO»O ^N 

*a n -if tjh co o 



S2SM5SSSS 00 i COOir * HO>0 T ^^osrt<oio 

tMOOOOOOiOOS|>.ThOOOT-iC<ll>-OT-HCOCO 

OhMhOMiONhmhhNNXOO^M 



N CO N' h h 



i-l CO CO t-h 



ON COOiO 
N M (N h « 
CO O !>• CM i-i 



tO rH t-H ^ NO 00 • 00 OS ^ N lO 
CM O h Tt< CO 00 • Tt< • OS t-h ^ |n. !> 
OSCONOO"^fiON-OOSOST^rt< 



^2^^t5 ^ 0>005 0«OWCOQO^N 
NT^OOOSCO^T-HOSNNNiOT^OOOSOrHT^O 

00«OJMNHTJ*cOHNMHN«TJ'lfiT|*00S' 



.3 



3 



COiOOONcOOOcONcOCOTtiOOCOONcONOS 

nhn^conhoonojoonhcococonco 

HCOiONTt*NNCOii5iCiCiCiO«)H«HO500 



W W N N N 



CO CO CO 00 

>~S. • ** ******* . ~ 

« 05 rH ^H<000»ONHM^^OiO«3»ON© 

S^iSfefetiSSSSr Er S3 99 oo co <m co co oo ^ 

WON oo *o »o O © O O O © © CO CO OS OS CO OS 

MMNhhhcCMMMMCOCChcONNCON 



w 

o 

III 

o 

I 

o 

III 



o 

.. j; O W 

fe O (J? r^ 

o o w u i 



X « « n « ««" n 
WOOOOOWWS 



PQ 
WO 



. fc 2 w w 



2-b 



.5 > 

OQ 0) 
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7j-3. Rotational Constants and Geometrical Parameters 

Table 7j-5. Triatomic Linear Molecules 



Molecule 



Br 79 C 12 N 14 
Br 79 C 13 N 14 
Br 79 C 12 N 15 
Br 81 C 12 N 14 
Br 8 *C 13 N 14 
Br 81 C 12 N 15 
C1 35 C 12 N.. 
C1 35 C 13 N.. 
C1 36 C 12 N.. 
C1 37 C 12 N.. 
C1 37 C 13 N.. 

C 12 2 

C 13 2 

(C0 2 ) + . . . . 
cs 2 

HC 12 N.... 

HC 13 N.... 

DC 12 N.... 

DC 13 N.... 
F 27 C 12 N.. 

!1 2 7 C 13N.. 

N 2 14 0.... 

N 14 N 15 0.. 

N 15 N 14 0.. 

N 2 15 

16 C 12 S 32 .. 
16 C 13 S 32 . , 
16 C 12 S 33 . , 
16 C 12 S 34 . 
16 C 12 S 35 . 
16 C 12 S 36 . 
16 C 13 S 34 . , 

Q16C14S 32 . 

17 C 12 S 32 . 
18 C 12 S 32 . 
18 C 12 S 34 . 
18 C 13 S 32 . 



B[ ], cm -1 



0.1374348 

0.1358729 

0.1315857 

0.1366539 

0.1350802 

0.1308165 

0.199164 8 

0.198129 4 

0.19707 

0.195043 3 

0. 193957 6 
f0.3902 1 

IB. = 0.3915 5 J 

0.39037 

0.3806 

0.1092 
fl. 47823 
\B e = 1.4849 

1.43999 
f 1.20775 
\B e = 1.2118 

1 . 18708 

0.1075935 

0.105974 
f 0.4190113 
[Be =0.42118^ 

0.4189819 
fO. 404856 2 
[Be = 0.40693 6 ] 

0. 404859 2 

0.202857 

0.2022025 

0.2003016 

0.1978971 

0.1956134 

0.193456 

0.197194 

0.201581 

0.196258 

0.190292 

0.185458 

0.189829 



Point 
group 



D„ h 
D„ h 



Geometrical parameters 



fro(CBr) = 1.790 A 
tro(CN) = 1.159 A 



fro(CCl) = 1.629 A 
[r (CN) = 1.163 A 



r (CO) = 1.1621 A; r e (CO) = 1.1601 A 

r (CO) = 1.1618 A 

r (CO) = 1.177 A 

r (CS) = 1.554 A 



fro(CH) = 1.064 A; r e (CH) = 1.0657 A 
tr (CN) = 1.156 A; r c (CN) = 1.1530 A 



fr (CI) = 1.995 A 
Uo(CN) = 1.159 A 



fr (NN) - 1.126 A; r e (NN) = 1.126 A 
lr (NO) = 1.191 A; r e (NO) = 1.186 A 



fro(CO) = 1.1637 A 
tro(CS) = 1.5584 A 



CONSTANTS OF POLYATOMIC MOLECULES 
Table 7j-5. Triatomic Linear Molecules (Continued) 



7-153 



Molecule 


B [0 ), cm -1 


Point 
group 


Geometrical parameters 


16 C 12 Se 74 


0.1366207 v 








16 C 12 Se 7 « 


0.1357092 \ 








16 C 12 Se 77 


0.1352700 J 








16 C 12 Se 78 


0.1348418 [ 








16 C 12 Se 79 


0.1344213 > 


Q 


f ro(CO) = 1.1588 A 
Iro(CSe) = 1.7090 A 




16 C 12 Se 80 


0.1340151 ( 






16 C 12 Se 82 


0.1332256 1 








16 C 13 Se 78 


0.1335960 / 








16 C 13 Se 8 « 


0.1327598 ' 








S 32 C 12 Se 76 


0.068387 v 








S 32 C 12 Se 77 


0.068124 1 








S 32 C 12 Se 78 .. 


0.067757 \ 








S 32 C 12 Se 8 ° 


0.067276 I 








S 32 C 12 Se 82 


0.066773 / 








Te 122 C 12 S 32 


0.05284053 \ 








Te 123 C 12 S 32 


0.05273373 ] 








Te 124 C 12 S 32 


0.05262935 / 








Te 125 C 12 S 32 


0.05252595 ) 


Coo* 


fro(TeC) = 1.904 A 
Iro(CS) =1.557 A 




Te 126 C 12 S 32 


0.05242459 ( 






Te 128 C 12 S 32 


0.05222612 1 








Te 13 °C 12 S 32 J 


0.05203361 / 









Table 7j-6. Triatomic, Asymmetric top Molecules 



Mole- 
cule 



CIO*.. 
HCO.. 
DCO.. 

H 2 0... 

HDO. . 
D 2 0... 
H 2 S. . . . 
HDS. . . 
H 2 Se... 
D 2 Se. . . 
NOC1". 
NOC1". 

NOF. . . 



Os.. 
SO*. 



A to] (cm -1 ) 



B[o](cm _1 ) 



(1.740) 



27.877 
A. = 27.33 
23.40 
15.38 
10.373 

9.683 

7.7t 

3.8 3 

2.8448 

2.8538 

3.175250 

3 . 55345 
2.02396 



(0.3242) 

1.495 

1.282 
14.512 
Be = 14.57 6 
9.096 
7.25 
8.991 
4.843 
3.83 \ 
1.92 f 
0. 1914 
0.1868 

0.395070 

0.445276 
0.344161 



C[o](cm~ l ) 



(0.2733) 
1.401 
1.172 
9.285 
Ce = 9.49» 
6.418 
4.835 
4.732 
3.140 



0.1793 ) 
0.1753 j 

0.350524 

0.394749 
0.293519 



Point 
group 



Civ 



Civ 

Cs 

Civ 
Civ 

c, 

Civ 

c. 



Civ 

Civ 



Geometrical parameters 



f ro(CH) 
I ro(CO) 



» 1.08 A (assumed) «£HCO 
■ 1.19i A 



118° 



fro(OH) = 0.9568 A; <£o(HOH) = 105°3' 
ir«(OH) =0.9584 A; <£«(HOH) = 104°27' 

ro(SH) = 1.334 A; <HSH = 92°16' 
ro(HSe) = 1.6 A 



Jro(NO) - 1.13 A \ 



ro(O'O) 
ro(SO) = 



= 1.278 A; 
1.433 A; 



«£ONF = 110° 

<00'0 = 116°49' 
^COSO = 119°33' 
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Molecule 



ATOMIC AND MOLECULAR PHYSICS 
Table 7j-7. Four- atomic Linear Molecules 



C2H2 

c 2 hd.... 
C2D2 

C2N2 

HC2 12 C135, 
HC2 1 2C1« 
DC2 1 2C1" 
DC2 1 2C1" 



J5[o], cm -1 



f 1 . 17692 

I Be = 1.1838 

I 0.99141 

I Be = 0.9967 

[0.84787 

IB. = 0.8507s 
0.15752 
0.189606 \ 
0.185874 I 
0.173020 I 
0.169592 / 



Point 
group 



Coc 

Doofc] 

Doo* 

Coov 



Geometrical parameters 



(ro(CC) 
Iro(CH) 



1.2080 A; r.(CC) = 1.201o A 
= 1.0578 A; r«(CH) = 1.0637 A 



ro(C— C) - 1.380 A; ro(CSN) = 1.157 A (assumed) 



ro(CH) = 1.052 A 
ro(CC) = 1.211 A 
ro(CCl) = 1.632 A 



Table 7j-8. Four-atomic Symmetric and Spherical top Molecules 



Molecule 



AsClt". 
AsCh". 

AsFs. . . 



AsHi. . 
AsDa. . 
BF». . . 

N"Fs. . 
N^Fs. . 
NHj.. 
NDi. . 
PCh". 
PCI3 37 . 
PFs. . . 
PH 3 ... 

PH2D. 



PHD2... 

Sb^Ch . 
Sbi»Clj . 
SbH 8 . . . . 
SbDi. . . . 



A 10] or Clo], cm 



A W - (0.17s) 



(6.24) 
(3.157) 



C - 3.87 
A - C 



2 

B - C 



0.776956 



0.284657 



C t o] » 2.80 



Btoi, cm" 



0.071623 \ 
0.068204 J 

0.1961011 

3.723 \ 

1 .896 J 

0.35* 

0.3562821 

0.354556) 

9.941 \ 

5.138 J 

0.0872971 

0.082974) 

0.260847 

4.446 



0.05850 
0.05840 
2.94 
1.49 



Point 
group 



Civ 
Civ 
Civ 

Dik 

Civ 

Civ 

Civ 

Civ 
Civ 

c. 
c, 

Civ 

Civ 



Geometrical parameters 



jro(AsCl) - 2.161 A 

\ ^(ClAsCl) = 98°25' 

fro(AsF) = 1.712 A 

\ <£(FAsF) - 102° (assumed) 

Jro(AsH) - 1.523 A; <£(HAsH) - 91*34' 

ro(BF) - 1.29i A 

iro(NF) =» 1.371 A; <£(FNF) = 102°9' 

jro(NH) - 1.014 A; <£(HNH) - 106°47' 
J ro(PCl) = 2.043 A 

V^ccipci) =» ioo° 6/ 

ro(PF) = 1.535 A; <£(FPF) - 100° (assumed) 
ro(PH) - 1.424 A; ^C(HPH) - 93°50' 
ro(PH) - 1.4177 A; <£(HPH) - 93°21'36" 

ro(PH) = 1.4116 A; ^C(HPH) « 93°15'24" 

ro(SbCl) - 2.325; <£(ClSbCl) - 99°30' 

iro(SbH) = 1.71 A; <£(HSbH) - 91°30' 



hH* 

o 
w 

O 



8 






8 

o 



5 
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ATOMIC AND MOLECULAR PHYSICS 
Table 7j-10. Five-atomic Linear Molecules 



Molecule 



HC 12 C 12 C 12 N 14 . 
H<5 12 C 12 C 13 N 14 . 
HC 12 C 13 C 12 N 14 . 
HC 13 C 12 C 12 N 14 
HC 12 C 12 C 12 N 15 
DC 12 C 12 C 12 N 14 
DC 12 C 12 C 13 N 14 
DC 12 C 13 C 12 N 14 
DC 13 C 12 C 12 N 14 
DC 12 C 12 C 12 N 16 



B[o], cm 1 



151740^ 
151112 
151099 
1470501 
147332' 
140817j 
14018ll 
140350 
.137002 
. 136775 i 



Point 
group 



Geometrical parameters 



fro(CH) = 1.057A;r (C*wC) = 1.203 A 
[r (C— C) = 1.382A;r (CN) = 1.157 A 
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Table 7j-ll. Five-atomic Symmetric and Spherical top Molecules 



Molecule 



CFaBr*. . 
CF3Br«.. 
CF 3 C1*6. . 
CF 8 C137. . 

CF 3 I 



CHi 

CH3D 

GHD 3 

CD* 

CHBrs 79 .... 

CHBrs" 

CCDBr 3 7 ». . 
CDBr 3 «.... 
CuHjjBr 7 *. . . 
C"H3Br8i. . . 
OHsBr* . . 
C«aBr». . . 
C"HD 2 Br 7 ». , 
Ci»HD 2 Br8i. . 
C^DaBr". . . 
C 12 DsBr 81 . . . 

CHCl3« 

CHCU" 

CDCl3» 

C12H3CI35.... 
C12H3CR... 
CWH3CIW.... 

C"D 3 C13«.... 

C»D>C1» 

CwHsCl* 

C"H 2 DC1». . . 

C"H 2 DC1«. . . 

C 1 2HD 2 CIM. . . 

C"HD 2 C13*. . . 

C"HF 3 

C"DF 3 

C"HF 3 

C^HjjF 

C 13 H 3 F 

Ci2D 3 F 

C^HJ 

C^HsI 

C"D 3 I 

C**BD 2 I 

Ge 7 «F 3 i9Cl3«. . . 

Ge 7 oF 8 ">Cl37. . . 
Ge 7 2F 3 w Cl«. . . 
Ge 7 2F 3 i»Cl3 7 . . . 
Ge 7 *F 3 »Cl«. . . 
Ge 7 <F 3 w Cl3 7 . . . 

GeH* 

Ge^HaBr 7 ". . . . 
Ge^HnBrM, . . . 
GeWHaBr 7 '. . . . 
Ge^HsBr". . . . 
Ge^HsBr 7 '. . . . 
Ge^HsBrW. . . . 
Ge'«HiBr». . . . 
Ge 7 «H3Br»i . . . 



A [o] or C jo], cm" 



B[o], cm -1 



A 10] = 5.0& 
Am = 5.0& 



2(5 - (J) : 

2(B - O . 



A{o) = 5.09 7 



UB + O - 
UB + C) - 
C[ ] = 0.37935 
h{B + C) 



A[o] = 5.10o 



Am- 5.07 7 



2(B - O - 



0.069984 
0.069331 
0.111262 
0.108458 

0.050809 

5.249 
3.878 
3.278 
2.64? 

0.041616 ' 
0.040605 
0.041344 
0.040345 , 
0.319167 
0.317953 
0.304194 
0.302971 
0.010597) 
0.010489) 
0.257330 
0.256218 
0.110141 
0. 104389 
0. 108414 
0.443402 
0.436574 
0.426835 
0.419957 
0.361647 
0.355528 
0.439892 
0.41125 
0.40471 

0.38965 
0.37816 
0.345196 
0.330940 
0.347640 
0.851785 
0.829318 
Q. 682132 
0.250215 
0.237465 
0.201482 
0.006519 
0.072334 
0.070320 
0.072301 
0.070283 
0.072270 
0.070248 
2.87 

0.081342 
0.080395 
0.080269 
0.079322 
0.079251 
0.078303 
0.078282 
0.077332 



Point 
group 



Czv 



Geometrical parameters 



f ro(CF) = 1.33 A; «£(FCF) = 108° (assumed) 

U(CBr) = 1.908 A 
c { r( * CF ) - 1-328 A; <£(FCF) = 108° (assumed) 
U " U(CC1) = 1.740A 

(ro(CF) * 1.33 A (assumed); #FCF = 108° (assumed) 

(ro(CI) m 2.134 A 
Td ro(CH) m 1.0931 A 
Czv ro(CD) - ro(CH) = 1.0936 A 
Czv ro(CH) = r (CD) = 1.0919 A 
Td ro(CD) = 1.089 A 

fro(CH) = 1.06 8 A; ^C(BrCBr) = 110°48' 
\ ro(CBr) = 1.930 A 



Czv 

C. 
Czv 



c. 



C iv 



Czv 

a 



Czv 



Td 



Czv 



(ro(CBr) = 1.9391 A; ^C(HCH) - 111°14' 
Uo(CH) =1.113 



(ro(CBr) = 1.9391 A; «£(DCD) = lll°26' 
(ro(CD) = 1.104 A 

(ro(CH) = 1.073 A; ^C(CICCI) = 110°24' 
<ro(CCl) = 1.767A 



fro(CCl) = 1.7810 A; <£(HCH) = 110°31' 
XroiCB) = 1.113 A 

(ro(CCl) = 1.7810 A; <£(DCD) = 110°43' 
Iro(CD) = 1.104 A 



f ro(CH) = 1.098 A; <£(FCF) = 108°48' 
I ro(CF) = 1.332 A 

( ro(CH) - 1.109 A; <(HCN) = 110°0' 
\ ro(CF) = 1.385 A 

(ro(CH) = 1.106 A; £(HCH) = 111°10' 
XroiCI) =2.1396 A 
ro(Cl) = 2.1392 A; ro(CD) = 1.104; «£(DCD) = 111°37' 



Jro(GeF) = 1.688 A; ^C(FGeF) = 107°42' 
I ro(GeCl) = 2.067 A 

ro(GeH) = 1.47 8 A 



f ro(GeH) = 1.55 A; £(HGeH) = lWV 
Iro(GeBr) = 2.297 A 
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Table 7j-ll. Five-atomic Symmetric and Spherical top Molecules (Continued) 



Molecule 



Ge'oHCla"... 
Ge»HCli». . . 
Ge 7 *HCl 3 86 . . . 
Ge 7 <>HCl 3 » 7 ... 
G^HCla* 7 . . . 
Ge^HCh* 7 ... 
Ge'oHsCl"... 
Ge 7 <H 3 Cl«... 
Ge 7 4H 3 Cl«... 
Ge^HaCl* 7 ... 

MnOsF 

POCl3»« 

POW 7 

P0 16 F 3 

P0 18 F 3 

PS^Cls 3 *. . . . 
PS'W 7 .... 
PS«C1 3 35. . . . 

PS«F„ 

PS^Fa 

PS"F 8 

Re^Oad 3 *. . 
ReissOaCP 7 .. 
Re« 7 0«Cl35. . 
Re^OaCl".. 

SiFjBr" 

SiFaBrSi 

SiF 3 Cl« 

SiFsCF 

SiH 4 

SiHDa 

Si^HsBr 7 ". . 
Si^HsBr 8 !.. 
SiMHsBr 70 . . 
Si»HiBr»».. 
Si'oHsBr 79 . . 

Si>°HiBru . 

SiHCl«. . . . 

SiHCl* 7 .... 

Si»H 3 Cl«. . 

Si»°H 3 Cl« . 

Si^H 3 Cl» 7 . . 

Si^D^lw. . 

Si»DaCl» . 

Si'«D 3 Cl« . 

Si^DsCl" . 

Si«HFi.... 

Si 2 »HF 3 . . . . 

Si 30 HF 8 ... 

Si»HiF.... 

Si^HsF.... 

Si*>H 3 F... 

6i»D«F.... 

Si»D 3 F. . . 

Si 30 D 3 F. . . 

SiHal 



Aio]OtC[Q],cm 



A [oi = 2.603 



B[o], cm l 



Point 
group 



0.072475 

0.0723586 

0.0722445 

0.0688389 

0.0687284 

0^0686207 

0.146828 

0.144563 

0.139359 

0.13831 

0.137732 

0.067220 ) 

0.064457 J 

0.1532485) 

0.146610 ) 

0.046787 | 

0.045222 > 

0.045702 ) 

0886500] 

0.087218 j 

0.086052 J 

0.069856 

0.067547 

069834 

067525 

0.051702 

0.051173 

0.082650 

0.080491 

(2.96) 

1.7755 

0.144159 

0.143187 

0.141196 

0.140220 

0.138409 

0.137431 

0.08247321 

0.0782564* 

0.22261 

0.21634 

0.21723 

0.19739 

0.19715 

0.19303 

0.19256 

0.240432 

0.240021 

0.239622 

0.477927 

0.473550 

0.469411 

0.408732 

0.406150 

0.403685 

0.10726 



Czv 



Czv 
Czv 

Czv 
Czv 

Czv 
Czv 

Czv 

Czv 

Cm, 
Td 

Czv 



Geometrical parameters 



Czv 



Czv 



Czv 



Czv 



f ro(GeCl) = 2.1139 A; <£(ClGeCl) = 108°17' 
Iro(GeH) =1.55 A 



(ro(GeH) = 1.52 A; ^C(HGeH) = 111°4' 
lro(GeCl) = 2.147A 



(r„(PCl) = 1.99 A; <£(C1PC1) = 103°36' 

Iro(PO) = 1.45 A 

(rq(PF) = 1.52 A; <£(FPF) = 102°30' 

Iro(PO) = 1.45 A 

(ro(PCl) = 2.02 A; <(C1PC1) = 100°30' 

lro(PS) =1.85 A 

(ro(PF) = 1.53 A; <(FPF) = 100°18' 
Iro(PS) =1.87 A 

(ro(ReO) - 1.761 A; <£(OReO) = 108°20' 
Iro(ReCl) = 2.230 A 

(ro(SiF) - 1.560 A; <£(FSiF) = 108°30' 
lro(SiBr) = 2.153A 

(ro(SiF) = 1.560 A; ^C(FSiF) = 108°3(T 
Iro(SiCl) = 1.989 A 



}ro(SiH) = 1.4798 A 



(ro(SiH) - 1.57 A; <(HSiH) = 111°20' 
lro(SiBr) = 2.209A 



(ro(SiH) = 1.47 A; ^(ClSiCl) = 109°22' 
lro(SiCl)=2.021A 



(ro(SiCl) = 2.048 A; £(HSiH) = 110°57' 
Iro(SiH) =1.50 A 



(r»(SiF) = 1.565 A; <£(FSiF) - 108°17' 
I ro(SiH) = 1.455 A (assumed) 



( ro(SiH) = 1.503 A; «£(HSiH) = (111°) (assumed) 
lro(SiF) =1.593 A 
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Table 7j-13. Six-atomic Linear Molecules 



Molecule 



C4H2 



B[ ], cm" 



1.14641 



Point 
group 



D 



f ooA 



Geometrical parameters 



ro (C— C) = 1.37 6 A; assuming r (CsC) = 1.207 A 
and ro(CH) - 1.060 A 



Table 7J-14. Six-atomic Symmetric and Spherical top Molecules 



Molecule B[o), cm -1 



B 10 HsCO. . 
B"HsCO. . 
B 10 D 3 CO. . 
B»DaCO. , 

CF 3 CN"., 
CFsCN". 



CHsHg^Br". 

CH 3 Hg*»Br'».. 

CH 3 Hg»°*Br«. 

CHsHg"^". . 
CHsHgiwCl".. 
CHsHg»»Cl'*.. 
CH 3 Hg»»Cl». . 
CH 3 Hg*>°Ci« . 
CH 3 Hg«>oCl". . 
CH 3 Hg» 02 Cl". . 
CH 3 Hg««Cl«., 
CH 3 Hg»°<Cl". 
CH 3 Hg*°*Cl". 

CH 3 NC» 

CHsNC" 

CDsNC" 

CD 3 NC" 



C"H 3 C 18 N" 0.306840 

C»H 3 C"N"... 
C ia H 3 C»N"... 
C»H 3 C»N"... 
C 12 D 3 C"N".., 
C»D 3 C"N". . 



Point 
group 



0.299538 
0.288773 
0.251185 |[ 
0.244721 J 

0.0982523 1 
0.0952611 J 



0.297599 
0.306688 
0.297977 
0.262112 
0.261798 

0.03754 
0.03803 
0.03743 

0.069296 
0.066918 
0.069286 
0.066906 
0.069275 
0.066895 
0.069255 
0.066872 
0.069234 
0.066849 
0.335328 
0.323420 
0.286266 
0.276150 






Geometrical parameters 



Civ 



Civ 



Civil) 



Civ 



cun 



(ro(BH) - 1.194 A 
r.(BC) = 1.540 A; <£(HBH) - H3°52' 
ro(CO) - 1.131 A 

(ro(CF) - 1.335 A 
ro(CN) - 1.158 A (assumed); <(FCF) ■ 
ro(CC) - 1.464 A 

(ro(CH) - 1.092 A 
ro(CC) - 1.460 A; £(HCH) - 109°8' 
ro(CN) - 1458 A 

/ro(HgBr) - 2.406 A 
Iro(CH) - 1.092 A (assumed); 
1 «£(HCH) - 109°7' (assumed) 
Iro(CHg) - 2.07 A 



108° (assumed) 



ro(CH) 

ro(CHg) 

ro(HgCl) 



■■ 1.092 A (assumed) 
■■ 2.059 A 
. 2.282 A 



<(HCH) - 109°7' 



!ro(CH) - 1.094 A 
ro(C — N) = 1.427 A; <(HCH) 
ro(N=C) - 1.167 A 



109°46' 
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7k. Wave Mechanics 



7k-l. Fundamental Relations. A mechanical system is determined by its Hamil- 
tonian H(qip4) which is a function of the / coordinates g» and their conjugate momenta 
Pi. The quantity /is the number of degrees of freedom. The Hamiltonian may or 
may not contain the time explicitly. 

The wave equation 

H<t,= -ih% (7k-l) 

is obtained by considering H an operator in which p» 2= —ift(d/dqi) (ft - h/2ir). If 
H(qi, pi) represents a conservative system (does not contain the time explicitly), 
one can write 

<t>(q it t) = e~u* iW / h)t +(<li) (7k-2) 

This changes (7k- 1) into 

H+(qi) = W+(qi) (7k-3) 

The task of wave mechanics is to find the solutions of Eqs. (7k-l) or (7k-3) with the 
following boundary conditions: ^ must be single-valued and it and its derivatives 
continuous everywhere. At infinity ^ must remain finite. The integral JV| 2 dr over 
a finite part of the configuration space should not be infinite. If the integral fM 2 dr 
over the whole configuration space exists, the ^ can be normalized so that 

JW 2 dr=l 

7k -2. Special Solvable Systems. The wave equation can be solved in terms of 
known elementary functions in only relatively few cases. The following are some of 
the more important ones. 

One-dimensional motion of particle in potential V 



1. Free particle V = 



g + £(ir-v)*-o (Tt-4) 



g + «E, .: M 



T 2m 

all values of E > allowed 

2. Harmonic oscillator V = 27r 2 w 2 rax 2 

£-2 + ^ ( E - 2?r 2 co W)* = (7k-6) 

+(x) = 2-"/*(v\)-ia}Tr-ie~ a2 *Wv(x) a 2 = ^~ 

where co is classical vibration frequency and H z (x) Hermitian polynomial of order v. 

W v = (v + Jj«* v * °> !> 2 » •"•'• 
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3. Morse potential V(r) = D[l - e~*<»-*->]* 

*-•=<* V£ (»+ 1) -S(.+0" «"> 

■■■ -*■(•+*) -£(•+»■ 

with co = (/3/2tt) y/2D/m the classical frequency for small amplitudes. The wave 
functions are generalized Laguerre functions. 1 

4. Teller-Poschl potential 

2m Lsinh 2 a(r - r ) cosh 2 a(r - ><,) J a. > l/*-©; 

r < r < oo 
^o = Ko sinh" a(r — r ) cosh - '* a(r — r ) 



^w = K v \po y ,a v ,2k sinh 2fc a(r — r ) 



& = 
2m~ ' 



h 2 ev 2 
^•-■5^-(M-r-&)» *- 0,1,2, 



The Morse curve is a special case of the Teller-Poschl potential for which v -+ oo , 
ft— > oo with /*-:-^>ihBed/:ro— > — oo. 

5. One-dimensional rotator 

dV . 2IW ," ' "_ ' 

57i +~p~^ =0 / = moment of inertia (7k-9) 

$(<!>) = A cos m<f> -f £ sin ra<£ m = 0, 1, 2, 3 

6. Two-dimensional rotator (0, <f>) 

^/, m = P"V(cos 0)6 ±im * / = 0,1, 2, 3 
h 2 \m\<J 

Wj =* 2j «/"(«/" + 1) /A = total angular momentum (7k-ll) 

mh = its projection on z axis 

Every state is 2J + 1 fold degenerate. 

7. Symmetrical top 



1 



; (- ta '3)+B?-r(i J ^') , * + ^ + n?*- < 7k - 12 > 



sin ad ' 

AA angular momentum about figure axis 

where u = cos 0, mh component of angular momentum along z axis, Aft component of 
angular momentum along symmetry axis. U(u) satisfies 



i P. M. Morse, Phys. Rev. 34, 57 (1929). 



■op r-Lii-r<;siir< ^:ouu\!iDM 
iPRESTQM. 

POUNDED Jf*££ 
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d 2 U n u dV 

du 2 v du 



(1 _ U 2 } p*. _ 2u(l - w 2 ) ^ + [D(l - w 2 ) - (A 2 + m 2 ) + 2Amu]U = 



tf„A.m = sin<* I cos* \G ? (l + s + d,l + d, sin 2 |) 

a is equal to |A| or |ra|, whichever is larger; s = |ra + A|; d == |w — A|; p = / — «; 

(? P is the appropriate Jacobi polynomial. 

8. One-center problem 

V - - — (7k-13) 

r 

Spherical coordinates = r, 0, <f> 

ix = mM/(m + M) = reduced mass; m = mass of electron; M = mass of nucleus. 
For W < 

e(e) _ (2? + ^ "7 t m)! sin- tfV»(cos 0) (normalized) 

v ' 2(1 -f m)\ 

Pi m are the associate Legendre polynomials (see 7k-3) 

R^ P )= X+ l i)Tw p ' e ~ P/2L ^ 1(p) ( normalized) 

where L 2 ^ 1 is an associate Laguerre polynomial (see 7k-3) 

01 B l!L s radius of the first Bohr orbit 
tie 2 

w _ _ff£!?! 

FKn 2ft 2 w 2 

For TT > all energies are allowed; wave functions, see Bethe (1933). 

7k-3. Often-used Wave Functions 

1. Hermite polynomials 

iM«) = p-W 2)xi H(ax) 
Ho(x) =1 
Hi(x) = 2x 
H*(x) = 4x 2 - 2 
Hz(x) = 8^3 __ i2x 
H*(x) = 16x 4 - 48x 2 + 12 
H*(x) = 32x 5 - 160x 3 + 120x 



Normalization factor 



*• = fei)* 



^Vx-l 



2. Legendre polynomials and associate Legendre polynomials 

d m 
P ,. (008 „) = sin- (<| cos ff)m P,(cob «) 

where Pj(«) = Pi (cos 0) are the Legendre polynomials defined by 



1 • > \ 
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Legendre polynomials 

Po(z) =1 

^l(2) =2 = COS 

P*(z) = |(3z 2 - 1) = £(3 cos 20 + 1) 

P*(z) = |(5z 3 - 32) = -§-(5 cos 30+3 cos 0) 

P*(z) = |(35z 4 - 30z 2 +3) = 6T (35 cos 40 + 20 cos 20 + 9) 

A(z) = |(63z 5 - 70z 3 + 15z) = t| ¥ (63 cos 50 + 35 cos 30 + 30 cos 0) 

P*(z) = A (231z 6 - 315z 4 + 105z 2 - 5) = irrir(231 cos 60 + 126 cos 40 

+ 105 cos 20 + 50) 
Associate Legendre polynomials 

Pi 1 (2) = (1 - z 2 )* = sin 

P2H2) = 3(1 - z*)±z = 4 sin 20 

P 2 2 (z) = 3(1 - z 2 ) = 4(1 - cos 20) 

^V(2) = 4(1 - z 2 )*(5z 2 - 1) = f (sin + 5 sin 30) 

Pz 2 {z) = 15(1 - z^)z = -^-(cos - 3 cos 30) 

Pz 3 (z) = 15(1 - z 2 )* = ±£(3 sin - sin 30) 

JV(2) = 4(1 - z 2 )i(7z« - 3z) = fV(2 sin 20 + 7 sin 40) 

^V(z) = V-(l ~ ^ 2 )(7z 2 - 1) - lf(3 + 4 cos 20 - 7 cos 40) 

/V(z) = 105(1 - z*)*z = ±%±(2 sin 20 - sin 40) 

P 4 4 (z) = 105(1 - z 2 ) 2 - i|^(3 - 4 cos 20 + cos 40) 

3. Radial wave functions of the one-center problem 

Rio = 2e~ r 

R21 ** i=l e~\ T r 

2 a/6 



^30 =* 



2 



3 V3 

27 V6 



4 

#32 = y= e~\ r r 2 

81 V30 

Rn = — ^e-i'J-^ A - -L A 
64 a/5 V 12 / 

*?" 768^11 e_irr3 



7k -4. Approximation Methods. Perturbation Method for Non-time-dependent Cases. 
Required, the solution of the wave equation 

J5T* - W$ (7k-14) 

If H = H° +S 

and ^„° and W n ° are the known solutions and eigen values of the " unperturbed' ' 
wave equation 

H°+° *» TFV° (7k-15) 
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then often good approximations to the solution of (7k-14) can be found by the per- 
turbation method. For this method to be applicable it is necessary that the influence 
of S is not large so that the solutions of (7k-14) are relatively close to those of (7k-15). 
For an exact meaning of this condition see later on. The procedure is simpler if the 
unperturbed states are not degenerate. 

Nondegenerate States. Develop the solution of $ n of (7k-14) in terms of the ^»° 

\pn - +n° + Y Ointi + ^ &<n*<° + ■ • • " (7k-16) 

% i 

All din are small of first order, the b nn are small of order two, etc. The energy becomes 

W n - Wn° + €n (1) + 6„< 2 > + • • • (7k-l7) 

One finds, if the perturbation matrix elements Sa are defined by 

Sn - JTiS+idr (7k-18) 



that 

€„<*> - S- 
Sin 



for i y* n, a nn ■= 



Utn ~Wi-W n 
2' means summation over all values of i except i = n. 

bnj&jn 






W n - Wi 



SijSjn bin&n 



hin " X (W n - WiKWn ~ Wi) (W n ~ W t )* 

j 

b nn is obtained from normalization. -&„„ = \ ^ |a in | 2 . Higher-order approxima- 

i 

tions become increasingly complex. 

Degenerate Case. Consider an /-fold degenerate state with energy W and wave 
functions ^i° to \j/f so that 

IV - W«° n - 1, 2, • - • / (7k-19) 

Any linear combination 

/ 



- 2 ***** 



is again a solution (7k-19). A perturbation will in general require a definite linear 
combination as zero approximation. The coefficients A in which are of order of mag- 
nitude one are found as solutions of the set of linear equations 

(Sn - €„) Am + £i 2 A 2 » + ■ • • . • + SifA/n - 

SnAm + (#22 - €n)A 2 n + « • • + StfSfn - 

SfiAm +S n A2n .+ • ■ ' + (Sff - en)A fn =Q 

TJiese are solvable only if the secular determinant is zero 

Su — €„ $12 * * * Slf 

#21 S22 — €n ••••■■. #2/ 



S/i S/2 • ■• * $// 



= 
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There are / solutions of the secular determinant for «„. All may be different. In 
that case the degeneracy is completely removed and the zero-order approximation is 
completely determined as all An values are fixed, except for a common factor. 

If there are two or more identical roots e n part of the degeneracy remains and some 
of the Aij are arbitrary. 

For cases where the degeneracy is removed only in a higher order, consult the 
literature. 

Second and Higher Orders, With the wave functions ^„° as zero-order approxima- 
tions, the second- and higher-order approximations can be carried out exactly as for 
the nondegenerate case. 

Semidegenerate Case. If 

\Si i \«\W i - WA (7k-20) 

the method for the nondegenerate states can be employed. If this condition is not full- 
filled for some states for which, however, Wi 5* W ]} these states can be dealt with by a 
method very similar to that for the degenerate states. States for which (7k-20) is not 
f ullfilled, whether they are degenerate or not, are called close states; their interaction 
can be taken care of provided their number / is finite. 

The positions of the unperturbed levels are 8 h 8 2) . . . 5/ where the 5» are counted 
from some fixed arbitrary energy. All 8* may be different or some or all may be equal. 

The procedure is now exactly the same as for an /-fold degenerate state except that 
the coefficients A mn and the energies are given by the equations. 

(Sll + «1 - €n)Ai» + S 12 A 2n +•••.+ SifAfn = 
StiAin + (£22 + «2 - €n)A 2 n +'-''+ S 2/ A fn - 



SfiAm + A f2 A 2n + • • • + OS// + 5/ - €n)A fn m 
with the secular determinant 

$12 + 5i — €„ $12 • • • Si/ 

S 2 1 S 22 + $2 — €„ • • • #2/ 



$/l Sf 2 • • • Sff + 8f — € n 

Everything from here on is analogous to the procedure in the degenerate case. 
Variation Method. It can be shown that, if x is a normalized arbitrary function of 
the coordinates and Wo the lowest energy value of a system, we have 

Wo < ixHxdr (7k-2i) 

The equality sign applies when x — ^ is the correct wave function of the lowest state. 

The variational method consists of the systematic variation of a function with 
several adjustable parameters chosen so (often by intuition) as to be very similar to 
the wave function. The variation of the integral (7k-21) is observed when the con- 
stants are varied. The function which gives the smallest value for the integral is the 
best approximation to the wave function obtainable with the chosen function type, 
and the minimum value of the integral the best value for the energy. The accuracy 
of the energy value depends on how closely the trial function can approximate the 
real wave function. 

If there are several different symmetry types the variational method can be used to 
calculate the lowest state of each symmetry type. 

Upper values of other excited states can be obtained if the trial function is orthog- 
onal to that of all lower states. 



71. Zeeman Effect 



When atoms and molecules are placed in a magnetic field their spectrum lines 
usually are split into several components with characteristic polarization. As a rule 
the amount of the splitting is proportional to the field strength H (linear Zeeman 
effect). The following cases are of importance. 

71-1. Free Atoms, No Nuclear Spin. If J is the total angular momentum, the 
level is 2 J -\* 1 fold degenerate. In a magnetic field of strength H the level splits 
into 2 J -f 1 components. The energy changes compared with the field free energy 
are given by 

e = gpMH -J < M < +J (71-1) 

= ~ — (Bohr magneton) 
The splitting factor for Russell-Saunders coupling is given by Landers formula 



0-1 + 



/(/ + 1) + S(S + 1) - L(L + 1) 
2J (J + 1) 



(71-2) 



Numerical values of g are given in Table 7m- 1. 1 

In the literature the case for which g = 1 is usually called the normal Zeeman effect 
and other cases are called the anomalous Zeeman effects. Normal Zeeman effects 
occur chiefly for singlets (S — 0). 

Equation (71-2) holds only as long as L,S coupling is a good approximation. 
Equation (71-1) holds with g values not necessarily given by (71-2) as long as the mag- 
netic splitting is small compared with the distance to a neighboring level. 

Selection and Polarization Rules for Electric-dipole Transition 





Polarization 


Transition 


Observation perpendicular 
to H 


Observation parallel 
to# 


AM= ±1 
AM = 


Linear, ±H 
Linear, \\H 


AM — +1 right circular 

AM = — 1 left circular (opposite if g' and 

g" have opposite sign) 
Absent 



For g' «= g" — 1, the normal triplet is obtained, as all lines with the same change 
in M coincide. 

1 A table of g values arranged in order of increasing numerical values is found in 
Charlotte E. Moore, "Atomic Energy Levels," vol. I, tables 3 and 4, 1949; Kiess and 
W. F, Meggers, J. Research Nail. Bur. Standards 1, 641 (1928). For tables of g values for 
jj coupling, see J. C. Green et al. f Phys. Rev. 52, 736 (1937) ; 54, 876 (1938) ; 58, 1094 (1940) ; 
59, 72 (1941); 64, 151 (1943). 
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For quadrupole transitions, see Condon and Shortley,* and Rubinowicz and 
Blaton. 2 

The intensities are given by 

Transition Intensity 

«/"—>/ M-^M AM 2 

M + ¥*M } * A[J ( J + J ) " M W + 1)1 (71 ' 3a) 

J^> J + 1 M-+ M B[(J + 1)2 _ M*] 

M-+M + 1 itB(J+M + l)(J + M+2) (71-36) 

M^M-1 *B(J -M + 1)(J -AT +2) 

■/->./- 1 Af -> M C[/ 2 - M 2 ] 

ilf - AT + 1 ic(/ - Jf)(J - # - 1) (71-3c) 

M-+ M - 1 |.C(jr + M)(J + Af _ l) 

These formulas hold as long as Eq. (71-1) holds but are independent of the par- 
ticular coupling scheme, i.e., independent of the g values. They hold equally well for 
diatomic molecules. A, B, and C are proportionality constants which are different 
for each line. 

The formulas represent the intensity distribution in a Zeeman pattern as long as 
the temperature is so high that kT is large compared with the magnetic splitting 
Iney are proportional to the transition probabilities for all temperatures. 

When the magnetic splitting is not small compared with the distance to neighboring 
levels, the splitting is not symmetric. The line has asymmetries in both position of 
the components and their intensities (incipient Paschen back effect). When the 
distance between multiplet components is small compared with the magnetic splitting 
the pattern is simple again and essentially that for the normal Zeeman (S - 0) effect 
(complete Paschen back effect). 

71-2. Zeeman Effects in Other Cases. If there is hyperfine structure because the 
nuclear spin is different from zero, the number of components is given by 2F + 1 
when Fh is the total angular momentum including nuclear spin In. The splitting 
i actor is 

F(F + l)+J(J + p -1(1 + 1) 

y 2F(F + 1) 

where g is the splitting factor without consideration of the nuclear spin This situa- 
tion prevails only as long as the magnetic splitting is small compared with the hyper- 
fine structure. At the other extreme (hyperfine structure small compared with 
magnetic splitting) the influence of the nuclear spin may be neglected 

Diatomic Molecules. The splitting and intensities are given by Eqs. (71-1) and 
(71-3). The splitting factor depends on the coupling within the molecule. A simple 
case is when influence of the spin can be neglected and the orbital angular momentum 
L is coupled to the internuclear axis (Hund's case b). If A is the component of L along 
the internuclear axis we have for the splitting factor 

t.- A ° 



' j(j + 1) 

This expression shows that appreciable splittings can be expected only for small values 
of J Noticeable splittings for larger J values are found when the angular momentum 
L, is decoupled from the internuclear axis. 

uKa^A a jjsa^ ° f Atomic spectra '' cambrid - 

*£ 22ttE^ft? a 2 9 6 3 7 2 ) (1929): "' 338 (1930): A - Rub ~ and J - B1 ^ 
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Table 71-1. Values of g for L-S Coupling 
(Odd multiplicites) 



Spin 



1 


1 

3 


2 
5 


3 

7 


4 
9 


5 


Multipl 


Lcity . 


11 


Level 


J 




g = 2 for all multiplicit 


ies 




S 






P 







% 












1 


1.000 


1.500 


2.500 










2 




1.500 


1.833 


2.333 








3 






1.667 


1.917 


2.250 






4 








1.750 


1.950 


2.200 




5 










1.800 


1.967 




6 












1.833 


D 









% 










1 




0.500 


1.500 


3.000 








2 


1.000 


1.167 


1.500 


2.000 


2.667 






3 




1.333 


1.500 


1.750 


2.083 


2.500 




4 






1.500 


1.650 


1.850 


2.100 




5 








1.600 


1.733 


1.900 




§ 










1.667 


1.786 




7 












1.714 


F 











% 








1 






0.000 


1.500 


3.500 






2 




0.667 


1.000 


1.500 


2.167 


3.000 




3 


1.000 


1.083 


1.250 


1.500 


1.833 


2.250 




4 




1.250 


1.350 


1.500 


1.700 


1.950 




5 






1.400 


1.500 


1.633 


1.800 




6 








1.500 


1.595 


1.714 




7 










1.571 


1.661 




8 












1.625 


G 













% 






1 








-0.500 


1.500 


4.000 




2 






0.333 


0.833 


1.500 


2.333 




3 




0.750 


0.917 


1 . 167 


1.500 


1.917 




4 


1.000 


1.050 


1.150 


1.300 


1.500 


1.750 




5 




1.200 


1.267 


1.367 


1.500 


1.667 




6 






1.333 


1.405 


1.500 


1.619 




7 








1.429 


1.500 


1.589 




g 










1.500 


1.569 




9 












1.556 


H 



1 










-1.000 


.% 
1.500 




2 








0.000 


0.667 


1.500 




3 






0.500 


0.750 


1.083 


1.500 




4 




0.800 


0.900 


1.050 


1.250 


1.500 




5 


1.000 


1.033 


1.100 


1.200 


1.333 


1.500 




6 




1.167 


1.214 


1.286 


1.381 


1 . 500 




7 






1.286 


1.339 


1.411 


1.500 




g 








1.375 


1.431 


1.500 




9 










1.444 


1.500 




10 


'.'.'.'/. 1 









1.500 
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Table 71-1. Values of g for L-S Coupling (Continued) 
(Odd multiplicities) 
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Spin. 

Multiplicity . 



Level 



S 
I 



K 



1 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 
2 
3 
4 
5 
6 
7 
8 
9 

10 

11 



5 
11 



1.000 



1.000 



0.833 
1.024 
1.143 



0.857 
1.018 
1.125 



g — 2 for all multiplicities 



0.600 
0.900 
1.071 
1.179 
1.250 



0.667 
0.905 
1.054 
1.153 
1.222 



0.250 

0.750 

1.00 

1.143 

1.232 

1.292 

1.333 



400 
0.767 
0.976 
1 . 107 
1.194 
1.256 
1.300 



-0.333 
0.583 
0.950 
1.133 
1.238 
1.304 
1.347 
1.378 
1.400 



0.000 
0.600 
0.900 
1.071 
1.179 
1.250 
1.300 
1.336 
1.364 



-1.500 
0.500 
1.000 
1.200 
1.300 
1.357 
1.393 
1.417 
1.433 
1.445 
1.455 

-0.667 
0.417 
0.850 
1.067 
1.191 
1.268 
1.319 
1.356 
1.382 
1.402 



Atoms or Ions in Crystals. In this case the 2 J + 1 fold degeneracy is entirely or 
partly removed by the Stark effect due to the crystal field. If the electron orbits are 
protected, sharp levels may result, particularly at low temperatures. Sharp absorption 
or fluorescence lines in crystals have been observed for salts of elements where d and 
/ shells are being filled. Such lines may show characteristic Zeeman effects. In 
general the level splits into two components if the number of electrons is odd (Kramers 
degeneracy). For an even number of electrons there is no degeneracy and therefore 
no linear Zeeman effect unless the symmetry of the crystal field is high. If the average 
orbital angular momentum is zero, the degeneracy is 2S + 1 and is due to the resultant 
electron spin S . 

This magnetic splitting of electronic levels in crystals is directly observed for the 
ground state in paramagnetic resonance experiments (often modified by the nuclear 
spin). It is also directly observed for the ground and excited states in optical-absorp- 
tion spectra in a magnetic field when there are sharp lines. This splitting is directly 
connected with the magnitude of the magnetic susceptibility and paramagnetic rota- 
tion as well as with cooling by adiabatic demagnetization. 
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Table 71-2. Values of g for L-S Coupling 
(Even multiplicities) 



Spin 

Multiplicity. 



Level 



8 
P 



F 



G 



i 

n 

4 

5l 

1 

H 

3l 

4 

1 

3l 

4 

1 

H 
21 
31 
4 

% 

71 



1 

n 

31 
41 
51 
61 

7 Y 
»1 



1 

2 

2 



3 

4 



5 



£ = 2 for all multiplicities 



0.667 


2.667 








1.333 


1.733 


2.400 








1.600 


1.886 


2.86 








1.714 


1.937 
1.778 


2.222 
1.960 
1.818 




0.000 


3.333 






0.800 


1.200 


1.867 


2.800 




1.200 


1.371 


1.657 


2.057 


2.572 




1.429 


1.587 


1.809 


2.095 






1.556 


1.697 
1.636 


1.879 
1.762 
1.692 






-0.667 


4.000 






0.400 


1.067 


2.000 


3.200 


0.857 


1.029 


1.314 


1.714 


2.229 


1.143 


1.238 


1.397 


1.619 


1 .905 




1.333 


1.434 


1.576 


1.758 






1.455 


1.552 
1.538 

-1.333 


1.678 
1.631 
1.600 
4.667 






0.000 


0.933 


2.133 




0.571 


0.857 


1.257 


1.772 


0.889 


0.984 


1.143 


1.365 


1.651 


1.111 


1.172 


1.273 


1.414 


1.596 




1.273 


1.343 


1.441 


1.566 






1.385 


1.456 
1.467 

-0.400 


1.549 
1.537 
1.529 
-2.000 
0.800 






0.286 


0.686 


1.200 




0.667 


0.825 


1.048 


1.333 


0.909 


0.970 


1.071 


1.212 


1.394 


1.091 


1.133 


1.203 


1.301 


1.427 




1.231 


1.282 


1.354 


1.446 






1.333 


1.388 
1.412 


1.459 
1.467 
1.474 



TT 
10 
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Table 71-2. Values of g for L-S Coupling (Continued) 
(Even multiplicities) 
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Spin 

Multiplicity . 



Level 



K 



1 
24 

4 



9| 

24 
34 

54 
64 
74 
84 
94 

io4 
ii4 



1 



0.923 
1.077 



0.922 
1.067 



3 

4 



0.727 
0.965 
1.108 
1 .200 



0.769 
0.964 
1.090 
1.176 



5 



0.444 
0.828 
1.035 
1.159 
1.239 
1.294 



0.545 
0.839 
1.015 
1.129 
1.207 
1.263 



0.000 
0.667 
0.970 
1.133 
1.231 
1.294 
1.337 
1.368 



0.222 
0.687 
0.937 
1.087 
1.184 
1.251 
1.298 
1.333 



9 
TT 

10 



-0.800 
0.514 
0.952 
1.152 
1.259 
1.323 
1.365 
1.393 
1.414 
1.429 

-0.286 
0.508 
0.869 
1.063 
1.179 
1.255 
1.307 
1.343 
1.371 
1.391 



7m. Motions of Electrons and Ions in Gases 

S. C. BROWN AND W. P. ALLIS 
Massachusetts Institute of Technology 



7m-l, Collision Probabilities. The probability of collision P c is defined as the 
fraction of particles scattered out of a collimated beam per centimeter path per 
millimeter pressure at 0°C. Similarly the "probability" of any event occurring on 
collision/such as excitation P x or ionization Pi, is the fraction of particles suffering 
that event per centimeter path and millimeter pressures. The probability P is 
related to the cross section q by 



P « ^ cm"* (mm Hg)" 1 



where L is Loschmidt's number, or 

P = 3.5357g 
where q is in square Angstrom units. The mean free path I is given by 

J = i? cm 
and the mean free time t by 

1 s ? = 5.93107 X WulpoP sec" 1 

T I 

Here u - mv*/2e is the energy in electron volts, and p - 273.16P/7 7 is the "reduced" 
pressure in millimeters of mercury. p does not express a pressure, but a concen- 
tration 

^ « 3.5357 X 10 16 p molecules/cm 8 

Cross sections are sometimes given in units of W = 0.87981 A 2 , and energies in 
Hartree units, k 2 - 7/13.605. 

If q(0) is the differential cross section for elastic scattering into unit solid angle at 
an angle to the incident direction, 

q c = fq(0)2ir sin 6 dO 
A more important quantity is the cross section for momentum transfer. 

q m = IqWO- — cos 0)2*- sin dd 
In general, q m < qd experimental values of P c should be "corrected" to P m in all 
gas-discharge applications. 
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7m-l.l Elastic Collisions by Electrons 
Figs. 7m-l to 7m-7 
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Fig. 7m-l. "Probability" of collision in H 2 , 
He. [R. B. Brode, Revs. Modern Phya. 6, 
257 (1933); A. V. Phelps, O. T. Fundings- 
land, S. C. Brown, Phya. Rev. 84, 559 (1951).] 




vA/OLTS 
Fig. 7m-2. "Probability" of collision in the 
alkali metals. [R. B. Brode, Revs. Modern 
Phya. 5, 257 (1933).] 
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3 4 5 6 7 8 9 10 
-/ VOLTS 
Fig. 7m-3. "Probability" of collision in Hg, 
Zn, Cd. [R. B. Brode, Reva. Modern Phya. 
5, 257 (1933).] 
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Fig. 7m-4. "Probability" of collision in Ne, 
A, Kr, Xe. [R. B. Brode, Reva. Modern 
Phya. 5, 257 (1933).] 
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Fig. 7m-5. "Probability" of collision in Os, Fig, 7m-6. "Probability" of collision in 

N 2 CO [R. B. Brode, Revs. Modern Phys. C0 2 , N 2 0. [R. B. Brode, Revs. Modern 

5, 257 (1933).] Phys. 5, 257 (1933).] 



160 

150 

140 

130 

120 

110 

100 

90 

P c 80 

70 

60 

50 

40 

30 

20 

10 



























A 






















\ 




















\ 


















r 


\ 


\ C 3 H 8 














\ 


\ 




















\ 


















P 




\€ 2 HgV 


V 














\ 






\ 












\ 


N CH 4 \ 












//] 






\ 


V 


^ 


















\ 


s 




















^ 










7 


















/ 


















— \3 






... 
















1 2345678 9 K)-. 
yvOLTS 
Fig. 7m-7. "Probability" of collision in CH4, C 2 H 6 , C 3 H 8 . [R. B. Brode, Revs. Modern 
Phys. 5, 257 (1933).] 
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7m-1.2 Inelastic Collisions by Electrons 
Figs. 7m-8 to 7m-18 
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Fig. 7m-8. "Probability" of excitation and ionization in He, H2, Ne, A. [M. J. Druyve- 
steyn, and F. M. Penning, Revs. Modern Phys. 12, 87 (1940).] 
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Fig. 7m-9. "Probability" of ionization in He, Ne, A. [P. T. Smith, Phys. Rev. 36, 1293 
(1930).] 
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Fig. 7m-10. " Probability " of ionization in neon. [W. Bleakney, Phya. Rev. 36, 1303 (1930) / 
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Fia. 7m-ll. "Probability" of ionization in hydrogen. (M. Knoll, F. Ollendorff , and 
R. Rompe, "Gastentladungstabellen," p. 66, J. Springer Verlag, Berlin, 1935.) 



MOTIONS OF ELECTRONS AND IONS IN GASES 7-179 



12 

10 

8 






^A* 






































































































2 








A 2 + 








A S+ XK> 


*^ 1 



100 



400 



500 



200 300 

ELECTRON ENERGY (VOLTS) 
Fig. 7m-12. "Probability" of ionization in argon. [W. Bleakney, Phys. Rev. 36, 1303 
(1930).] 
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Fig. 7m-13. Relative ionization probability for ionization to the 2 P^ state in krypton. 
[R. E. Fox, W. M. Hickam, and T. Kjeldaas, Phys. Rev. 89, 555 (1953).] 
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Fig. 7m-14. "Probability" of ionization in mercury. [W. B. Nottingham, Phys. Rev. 55, 
203 (1939).] 
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Fig. 7m-15. "Probability" of ionization in mercury. [W. B. Nottingham, Phys. Rev. 55, 
203 (1939).] 
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Fig. 7m-16. 
203 (1939).] 
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Fig. 7m-17. "Probability" of ionization in mercury. [W. Bleakney, Phys. Rev. 35, 139 
(1930).] 
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Fig. 7m-18. "Probability" of ionization in N 2 , O, CO, NO, C 2 H 2 . [J. T; Tate and P.T. 
Smith, Phya. Rev, 39, 270 (1932).] 



7m- 1.3 Electron Attachment 
Figs. 7m-19 to 7m-26 
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Fig. 7m-19. Cross sections for radiative attachment of electrons by neutral hydrogen 
atoms. (H. S. W. Massey and E. H. # S. Burhop, "Electronic and Ionic Impact Phe- 
nomena," p. 335, Clarendon Press, Oxford, 1952.) 
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Fig. 7m-20. Electron attachment coefficient for air [M. A. Harrison and R. Geballe, Phys. 
Rev. 91, 1 (1953).] 
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Fig. 7m-21. Electron attachment coefficients for freon-12 and CF 3 SF 5 [M. A. Harrison 
and R. Geballe, Phya. Rev. 91, 1 (1953).] 
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ELECTRON ENERGY IN VOLTS 

Fig. 7m-22. "Probability" of formation of 0~ ions from carbon monoxide as a function 
of the energy of the impacting electrons. [H. D. Hagstrum and J. T. Tate, Phys. Rev. 
59, 354 (1941).] 
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Fig. 7m-23. "Probability" of formation of O" ions from nitric oxide as a function of the 
energy of the impacting electrons. [H. D. Hagstrum and J. T. Tate, Phys. Rev. 59, 354 
(1941).] 
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ELECTRON ENERGY IN VOLTS 
Fig. 7m-24. "Probability" of formation of 0~ ions from oxygen. [H. D. Haestrum 
and J. T. Tate, Phys. Rev. 59, 354 (1941).] 




ELECTRON ENERGY IN ELECTRON VOLTS 
Fig. 7m-25. F~ ion current as a function of electron energy. [A. J. Ahearn and N. B. 
Hannay, /. Chem. Phys. 21, 119 (1953).] 
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ELECTRON ENERGY IN ELECTRON VOLTS 
Fig. 7m-26. SFe~ ion current as a funetion of electron energy. [A. J. Ahearn and N. B. 
Hannay, /. Chem. Phys. 21, 119 (1953).! 



7m- 1.4 Elastic Collisions by Ions 
Figs. 7m-27 to 7m-31 
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Fig. 7m-27. "Probability" of collision for positive ions of Li, K, Cs in helium. [C. Ram- 
sauer and O. Beeck, Ann. Physik 87, 1 (1928).] 
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Si?! 7m f*k ^ Pr °I )ab i lity « ? f collision for Positive ions of Li, K, Cs in neon. [C. Ram- 
sauer and O. Beeck, Ann. Phyaik 87, 1 (1928).] 
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Fig 7m-29. "Probability" of collision for positive ions of Li, Na, K, Rb, Cs in argon 
[C. Ramsauer and O. Beeck, Ann. Phyaik 87, 1 (1928).} 
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./VOLTS 
Fig. 7m-30. Elastic scattering of low-velocity hydrogen ions in hydrogen. [J. H. Simons, C. 
M. Fontana, E. E. Muschlitz, Jr. and S. R. Jackson, /. Chem. Phys. 11, 307 and 316 (1943). J 
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Fig. 7m-31. " Probability " of collision for positive ions of K in H 2 , Oa, Nt. [C. Ramsauer 
and O. Beeck, Ann. Phyaik 87, 1 (1928).] 
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7m- 1.5 Charge Transfer 

Figs. 7m-32 to 7m-37 
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Fig. 7m-32. Charge-transfer cross section of H + in H 2 . (H. S. W. Massey and E. H. S. 
BurhoR, "Electronic and Ionic Impact Phenomena," p. 526, Clarendon Press, Oxford 
1952.) 
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Fig. 7m-33. Charge-transfer cross sections of A + in A, He + in He as a function of energy. 
[J. B. Hasted, Proc. Roy. Soc. (London), ser. A 205, 421 (1951).] 
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Fig. 7m-34. Charge-transfer cross sections of ions and atoms of mercury. [B. M. Palyukh 
and LA. Sena, J. Exp. Theor. Phya. U.S.S.R. 20, 481 (1950).] 
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Fig. 7m-35. Normal charge-transfer cross sections. [J. B. Hasted, Proc. Roy. Soc. (London) 
ser. A, 205, 421 (1951).] 
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Fig. 7m-36. Abnormal charge-transfer cross sections with metastable ions present. [J. B. 
Hasted, Proc. Roy. Soc. (London), ser. A, 205, 421 (1951).] 
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Fig. 7m-37. Charge-transfer cross section of + in N 2 as a function of energy. Dashed line 
is extrapolated. [J. B. Hasted, Proc. Roy. Soc. (London), ser. A, 205, 421 (1951).] 
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7m-2. Surface Phenomena (Ions impinging on metal surfaces). Secondary Emis- 
sion y%. The secondary emission coefficient yi is the number of free electrons released 
from a surface by the impact of a positive ion, over and above any electrons taken 
from the surface to neutralize the ion. If 4> is the work function of the surface, and 
Vi is the ionization potential of the ion, secondary emission requires that V% > 2<f>. 

The secondary emission coefficient is in general greatly reduced by the presence of 
adsorbed gas on the surface. 

Effective Secondary Emission y. The second Townsend coefficient y is defined as 
the number of secondary electrons escaping from the cathode per positive ion pro- 
duced in the gas. It is a function of E/p in the gas and is, in general, the resultant 
effect of photons, ions, and metastables reaching the cathode, and of back diffusion. 

7m-2.1 Secondary Emission 
Figs. 7m-38 to 7m-51 



1.2 
1.0 
0.8 
~Q6 
0.4 
0.2 

























He ON 


Nj^ 


























Ne ON 


Ni^- 
























A+ON 


Ni 







200 



1400 



400 600 800 1000 1200 
ENERQY (ELECTRON VOLTS) 
Fig. 7m-38. Ejected electron yield of He + , Ne + , and A+ on nickel. (H. S. W. Massey and 
E. H. S. Burhop, "Electronic and Ionic Impact Phenomena," p. 549, Clarendon Press, 
Oxford, 1952.) 
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Fig. 7m-39. Ejected electron yield of He + on nickel outgassed (lower curve) and not out- 
gassed (upper curve). (A. von Engel and M. Steenbeck, "Elektrische Gesentladungen " 
vol. I, p. 118, J. Springer Verlag, Berlin, 1932). 
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Fig. 7m-40. Ejected electron yield of A 4 ions on H2-, N2-, and O2- treated platinum. FJ. 
A. Parker, Jr., Phya. Rev. 93, 1148 (1964).] 
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Fig. 7m-41. Ejected electron yield of A + ions on (A) outgassed, (B) H 2 -, (QNu-, and (D)O* 
treated tantalum. fJ. A. Parker, Jr., Phya. Rev. 93, 1148 (1954).] 
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Fig. 7m-42. Ejected electron yield of Li + , K + , and Rb + on aluminum. (H. S. W. Massey 
and E. H. S. Burhop, "Electronic and Ionic Impact Phenomena," p. 549, Clarendon 
Press, Oxford, 1952). 
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Fig. 7m-43. Ejected electron yield of K+ on Al, Ni, and Mo. (H. S. W. Massey and E. 
H. S. Burhop, "Electronic and Ionic Impact Phenomena," p. 549, Clarendon Press. Oxford 
1952.) 
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Fig. 7m-44. Ejected electron yield of H 2 + and H + ions on H^covered platinum. 
Parker, Jr., Phya. Rev. 93, 1148 (1954).] 
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Fig. 7m-45. Ejected electron yield of N2 + and N + ions on N2-covered tantalum. [J. A. 
Parker, Jr., Phya. Rev. 93, 1148 (1954).] 
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Fig. 7m-46. Ejected electron yield of N2 + and N + ions on N2-covered platinum. [J. A. 
Parker, Jr., Phya. Rev. 93, 1148 (1954).] 
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Fig. 7m-47. Ejected electron yield of 02 + and + ions on 02-covered tantalum. [J. A. 
Parker, Jr., Phys. Rev. 93, 1148 (1954).] 
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Fig. 7m-48. Ejected electron yield of 02 + and + ions on 02-covered platinum. [J. A. 
Parker, Jr., Phys. Rev. 93, 1148 (1954).] 
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Fig. 7m-49. Total electron yield. Curves 1 and 3 are for atomically clean Mo, curves 2, 
4, 5 for Mo covered with monolayer of gas. [H. D. HagstrUm, Phys. Rev. 89, 244 (1953).] 
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Fig. 7m-50. Total electron yield for He + , He ++ , and He2 + for gas-covered tantalum. 
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Fig. 7m-51. Total electron yield for singly charged ions on atomically clean tungsten. 
[H. D. Hagstrum, Phya. Rev. 96, 325 (1954).] 
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7m-2.2 Effective Secondary Emission 
Figs. 7m-52 to 7m-55 
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Fig. 7m-52. Second Townsend coefficient for copper in the rare 
and F. M. Penning, Revs. Modern Phya. 12, 87 (1940).] 
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Fig. 7m-53. Second Townsend coefficient for argon with different cathode materials, 
[M. J. Druyvesteyn and F. M. Penning, Revs. Modem Phya. 12, 87 (1940).] 
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Fig. 7m-54. Second Townsend coefficient of Ne + , A + , Kr + , incident on a clean molybdenum 
cathode, and of A + on a partially activated coated cathode. [R. N. Varney, Phya. Rev. 93, 
1156 (1954).] 
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Fig. 7m-55. Second Townsend coefficients for aluminum in benzene, toluene, and cyclo- 
hexane. [M. Valeriu-Petrescu, Bull. Soc. Roumaine de Phys. 44, 3 (1943).] 
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7m-2.3 Ion Conversions 
Figs. 7m-56 to 7m-59 
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Fig. 7m-56. Probability of conversion of positive hydrogen ions into negative hydrogen 
ions on nickel. [F. L. Arnot, Proc. Roy. Soc. (London), ser. A, 158, 137 (1937).] 
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Fig. 7m-58. Probability of conversion of positive oxygen ions into negative oxygen ions 
on nickel. [F. L. Arnot, Proc. Roy. Soc. {London), ser. A, 158, 137 (1937).] 
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Fig. 7m-59. Probability of conversion of positive carbon dioxide ™™}*toiwtijecttbon 
dioxide ions on nickel. [F. L. Arnot, Proc. Roy. Soc. (London), ser. A, 158, 137 (1937).] 
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7m-2.4 Seondary Emission by Electrons 

Fig. 7m-60 
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«J t m i 3 ' ^ VCrage M °^T ° f Electrons and ^ The drift velocity £ of a charged 
particle of mass m and charge e in a gas of molecules of mass It, under an electric 

field E, is given by 



v d = eE 



M H- m 
Mm 



J l FvT v2dv 



where f(v) is the velocity-distribution function. 

For particles with a constant mean free time r c this yields, for all E/p, 

~* M + m -? 
If collisions are caused by a polarization force 



= JL80966Q / M m/a \* 



(7m-l) 



(7m-2) 



(7m-3) 



where the polarizability a = ( € - eo)/^. 

forms'-^ 110168 WHh a COnStant mean fre!B path Z « ( ri S id spheres) there are two limiting 
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1. Near thermal equilibrium 

Z - ML< (JL- M+m V (7m-4) 

Vd - 8 \2kT Mm J 

2. For high E/p 

_> ,n<r . \wjpi\i f 0.8973 for m « M 

Z-a ( M + W V WY a - 0.9643 for m = M (7m-5) 

The mobility M in a mixture of gases o, 6, c, . . . is given by Blanc's law 

l«i+!+I+... (7m-6) 

jU Ha fib Mc 

where Ma, /», Mc . . • are the mobilities in the pure gases a, b, c, . . . at their partial 
pressures Po , p* p., . . . provided the mobilities are sensibly independent of field 

strength. . . , 

Because of charge transfer when moving in the parent gas and clustermg in the 
presence of an attaching gas, ions may move considerably more slowly than indicated 
by these equations. # . 

In the case of a constant mean free time r c , the mobility m an a-c electric held ot 
circular frequency « and in the presence of a magnetic field whose component perpen- 
dicular to the electric field is £j_, is given by 

= e / 2m + e/2m (7m-7) 

M Vc + j(<* 4- Wfr) V C + j(<0 - C0 6 ) 

where co& = £j_ e/m is the cyclotron frequency. 
The complex conductivity of a plasma is given by 

a = n+en+ + nc/i- + j^eo (7m-8) 

For a completely ionized plasma 

- l-1632m /4« \» (^IV - 19 > 141 (^Y mho/m (7m-9) 
* " 2 In (q - 1) \ e J \^m ) z In (q - 1) V e ) 

where g = 12xn\z>*, Xz>* = € fc77ne 2 is the Debye length, and n\ D 2 - 3.134 X 10 4 ? 7 
m- 1 . z is the charge on the ions. . 

If X is the mean fraction of the energy difference which is transferred in a collision, 
the mean energy of an electron or ion is given by 

\™* = \kT + e -^ ' (7m-10) 

For elastic collisions 

2Mm 



A (M + m) 2 
For the mean free time case 



M +m - f t _ 3fcT\ (7m-ll) 

2M \ mv*/ 
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Mean energies are usually determined by the approximate relation 

D = m(v* — v d 2 ) 
n Se 

which is exact when the distribution function is Maxwellian. 
The diffusion coefficient is given by 



D - j l ^f4irv*dv 
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(7m-12) 



(7m-13) 
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7m-3.1 Drift Velocity of Electrons 
Figs. 7m-61 to 7m-72 
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Fig. 7m-61. Drift velocity of electrons in helium as a function of E/p. [R. A. Nielsen 
Phys. Rev. 50, 950 (1936); J. A. Hornbeck, Phya. Rev. 83, 374 (1951).] 
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Fig. 7m-62. Drift velocity of electrons in neon as a function of E/p. [R A Nielsen 
Phys. Rev. 50, 950 (1936).] Nielsen, 
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Fig. 7m-63. Drift velocity of electrons in argon as a function of E/p. [R. A. Nielsen, 
Phys. Rev. 50, 950 (1936).] 
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Fig. 7m-64. Electron drift velocities in argon and argon-nitrogen mixtures. [L. Colli 
and U. Facchini, Rev. Sci. Instr. 23, 39 (1952).] 
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Fig. 7m-65. Drift velocity of electrons in hydrogen as a function of E/p. [N. E. Bradburv 
and R. A. Nielsen, Phya. Rev. 49, 388 (1936).] 
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Fig. 7m-67. Drift velocity of electrons in oxygen as a function of E/p. [R. A. Nielsen 
and N. E. Bradbury, Phys. Rev. 51, 69 (1937).] 
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Fig. 7m-68. Drift velocity of electrons in air as a function of E/p. [R. A. Nielsen 
and N. E. Bradbury, Phys. Rev. 51, 69 (1937).] 
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Fig. 7m-69. Drift velocity of electrons in nitrous oxide as a function of E/p. TR. A. 
Nielsen, N. E. Bradbury, Phys. Rev. 51, 69 (1937).] 
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Fig. 7m-70. Drift velocity of electrons in ammonia as a function of E/p. [R. A Nielsen 
and N. E. Bradbury, Phys. Rev. 51, 69 (1937).] 
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7m-3.2 Mean Energies of Electrons 
Figs. 7m-71 to 7m-74 
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Fig. 7m-71. Average electron energy in hydrogen. [L. J. Vamerin Jr. and S C Brown, 
Phya.Rev. 79, 946 (1950); J. S. Townsend and V. A. Bailey, Phil. Mag. 42, 873 (1921).] 
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Fig 7m-72. Ratio of electron to gas temperature. (R. H Healey and J. W Reed ''The 
BehavSr of Slow Electrons in Gases." p. 78, Amalgamated Wxreless, Ltd., Sydney, 1941.) 
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7m-3.3 Drift Velocities of Ions 
Figs. 7m-75 to 7m-87 
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Fig. 7m-75. Mobility of He + and H 2 + in helium. [M. A. Biondi and L. M. Chanin, Phys, 
Rev, 94, 910 (1954).] 



cm" 
10 s 



a e 

in 



2 
u 



NeT 



16 



20 



~0 4 8 12 

E/p(V0LTS/CM/MM Hg) 

Fig. 7m-76. Mobility of Ne + and Ne 2 + in neon. [M. A. Biondi and L. M. Chanin, Phys. 
Rev. 94,910 (1954).] 
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Fig. 7m-77. Mobility of A + and A 2 + in argon. [M. A. Biondi and L. M. Chanin, Phya. 
Rev. 94, 910 (1954).] 
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Fig. 7m-78. Mobility of Kr + and Kr 2 + in krypton. [M. A. Biondi and L. M. Chanin, 
Phys. Rev. 94, 910 (1954).] 
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Fig. 7m-79. Mobility of Xe + and Xe 2 + in xenon. [M. A. Biondi and L. M. Chanin, Phya. 
Rev. 94, 910 (1954).] 
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Fig. 7m-80. Drift velocity of atomic ions in helium, neon, and argon. [J. A. Hornbeck, 
Phya. Rev. 84, 615 (1951).] 
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Fig. 7m-81. Drift velocity of atomic ions in krypton and xenon. [R. N. Varney, Phva. 
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Fig. 7m-82. Mobility at standard gas density of atomic and molecular ions in krypton 
and xenon. [R. N. Varney, Phya. Rev, 88, 362 (1952).] 



7-216 



ATOMIC AND MOLECULAR PHYSICS 



9 

2 

|j 1.5 



§ i.o 

U> Q9 

08 
07 
0* 

































<£- 
















































































































^ 

















































































































































































300 



20 30 40 50 70 90 150 200 

E/p( VOLTS/CM/MM Hg) 
Fig. 7m-83. Drift velocity of ions in nitrogen. Low (E/p)l$i + , high (£7p)N 2 + . l R - N 
Varney, Phys. Rev. 89, 708 (1953).] 
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Fig. 7m-84. Drift velocity of ions in oxygen. [R. N. Varney, Phys. Rev. 89, 708 (1953).] 
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Fig. 7m-85. Drift velocity of ions in carbon monoxide. Low (E/p)CO + , high (E/p), 
intermediate (E/p) may be C0 2 + . [R. N. Varney, Phys. Rev. 89, 708 (1953).J 
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Fig. 7m-86. Mobility of alkali ions in gases at 1 atmospheric pressure. [C. F. Powell and 
L. Brata, Proc. Roy. Soc. (London), ser. A, 138, 117 (1932).] 
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•87. Mobility in nitrogen of various ions as a function of mass at 1 atmospheric 
[J. H. Mitchell, K. E. W. Ridler, Proc. Roy. Soc. (London), ser. A, 146, 911 

Table 7m-l. Ambipolab Diffusion Coefficients 

(Room temp.) 

Element D apo , cm 2 sec -1 

H 2 * 700 

Hef *... 540 

Net.. ••••• H5 

AIT .....900 

* K. B. Persson, PhD Thesis, MIT, 1954. 

t M. A. Biondi and S. C. Brown, Phys. Rev. 75, 1700 (1949). 

% M. A. Biondi, Phys. Rev. 79, 733 (1950). 

f M. A. Biondi, Phys. Rev. 83, 1078 (1951). 
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8a. Introducti6n arid General Constants 

::" FRAJSTZ N.) ; 'D. /KUKIE 
U.S. Navy Electronics Laboratory 



8a-l. Definitions. Many of the terms of., nuclear, science ,are .in, comnion use in 
other branches of physics and will be found elsewhere in this handbook. The National 
Research Council has published a useful glossary of terms in this field. 1 It would be 
out of place, in this volume, to attempt to define all the unique terms used in nuclear 
science. There are, however, certain basic ones which are denned belpwl 

Nucleon. A constituent of a nucleus, either a proton or a neutron. 

Nuclide. A specific nucleus, characterized by having a definite number of neutrons 
and a definite number of protons. 

Isotopes. A group of atoms whose nuclei have the same number of protons and 
are therefore chemically identical. ; 

Isotones. A group of atoms whose nuclei have the same number of neutrons. 

Isobars. A group of atoms whose nuclei have the same number of nucleons. : ' 

Nuclear Reaction (see Sec. 8a-2). The interaction between nuclides (including 
T rays) to form a compound nucleus which separates into two or more different nuclides. 
In -most cases there are only two products, one of which is quite light. 

Energy Balance. The amount of energy released in each individual reaction. It 
is designated by Q and is positive when energy is produced, negative when it is 
absorbed. 

Fission. A type of nuclear reaction in which the products (called fragments) are 
of comparable mass. It is usually accompanied by the emission of a number of 
neutrons and the release of energy. 

Spallation Reactions. These are caused by particles of great energy and lead to the 
breakup of the compound nucleus into many parts. 

8a-2. Nuclear Reactions. Nuclear science largely depends on the interactions of 
nuclides with each other. In order to simplify the discussion of these reactions sym- 
bolic representations are used. A nuclide is designated by the following symbol: 

z (Chemical symbol) A 

Z is the atomic number (number of protons) and A is the atomic weight (number of 
nucleons) of the isotope to which the nuclide belongs. This leads to symbols like uNa 28 
and 92 U 235 . Since the chemical symbol specifies Z it is usually omitted and one 
simply writes Na 23 and U 235 . It also is becoming common to see these written as 
Na-23 and U-235. 

Certain nuclides and particles have acquired special names and symbols. These 

are given in Table 8a- 1. 

i"A Glossary of Terms in Nuclear Science and Technology," American Society of 
Mechanical Engineers, New York, 1954. 
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Short symbol 


Name 


Standard symbol 


V 


Proton 


Hi 


n 


Neutron 


n 1 


d 


Deuteron 


H* 


t 


Trit6n 


H 3 


a 


Alpha particle 


He 4 


y 


Gamma quantum 


hv 


0" 


Electron 




fi+ 


Positron 





Th*e^?rrTn\ a nn^fn'w eS0 7 * *"*" ■ her ? b ? 0BU8e they d ° not ' a8 *«*■ fi * ure in nuclear technology, 
lhe current nomenclature for mesons and related particles will be found in Sec. 8-1. 

Nuclear reactions may be written like chemical reactions, thus: 

Li 7 + H\-». 2 He 4 
This is cumbersome; so now one writes the same reaction more simply as 

Li 7 (?>,a)He 4 
Other reactions may obviously be written 

Na 23 (d,p)Na 24 
, Cu 65 (/> ; n)Zn65 
&r™(d,2n)Kr™ 
This symbolism may be extended to spallation reactions like 

As 75 (a,lgp23>0Cl 3 * 
and fissions 

U 235 (n,Sr 93 )Xe 143 
The probability of a nuclear reaction taking place is measured by the cross section 
a tor the reaction. The unit for nuclear cross sections is the barn ( = 10~ 24 cm 2 ) • 
occasionally small cross sections are expressed in millibarns (=10- 3 barns - 10~ 2 ' 
cm 2 ). 

8a-S. Unstable Nuclei The products of many nuclear reactions are nuclei which 
are not found m nature. The number of neutrons and protons in these nuclides is 
out of stable balance. The nuclides proceed to adjust this by those nucleons which 
are in excess, changing, by a process known as decay, to the type in which the nuclide 
is deficient. Thus, if the nuclide has more neutrons than its stable isobars, this is 
corrected by the neutrons changing to protons until it becomes stable. To conserve 
charge this « -» p change is accompanied by the emission of a negative electron 
<J) particle), often of high energy but never of constant energy. To conserve energv 
requires the emission of another neutral particle, a neutrino (symbol „), the sum of 
whose energy with that of Hfo.gr panicle is constant. In other cases the number of 
protons may be excessive and one or more may change to neutrons. Accompanying 
each p -* n change there may be a positron (0+ particle) and an antineutrino emitted 
Again the sum of the energies of positron and antineutrino is constant Often an 
excess of protons is corrected by the nucleus capturing one of its orbital electrons 
This process is called K capture and is accompanied by the emission of X ravs or 
Auger electrons. decay is frequently accompanied by y radiation 

fe-4. Nuclear Constants. Only those general constants which are peculiar to 
nuclear science are given here. These are taken from a paper by DuMohd and 
Cohen. 1 The symbols used, where not explained, are conventional. 

1 J. W. M. DuMond and E. R. Cohen, Revs. Modern Phys. 26, 691 (1953). 
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Atomic mass of neutron 

n - 1.008982 ± 0.000003 

Atomic mass of hydrogen 

H = 1.008142 ± 0.000003 

Atomic mass of deuterium 

D = 2.014735 ± 0.000006 

Electron rest mass 

m = (9.1085 ± 0.0006) X 10" 28 g 

Proton rest mass 

m P - (1.67243 ± 0.00010) X 10~ 24 

Neutron rest mass 

m„ ~ (1.67474 ±0.00010) X 10~ 24 

Ratio of proton mass to electron mass 

- 1,836.13 ± 0.04, 
Compton wavelength of the electron 

\ ce *= h/mc = (24.2625 ± 0.0006) X 10" 11 cm 
Compton wavelength of the proton 

\ C p - h/m P c - (13.2139 ± 0.0004) X 10~ 14 cm 
Compton wavelength of the neutron 

X cn =h/m n c - (13.1958 ± 0.0004) X 10~ 14 cm 

Thomson cross section 

+ = (6.65196 ± 0.0005) X 10~ 25 cm 2 

Magnetic moment of the electron 

Me « (0.92838 ± 0.00006) X lO^ 20 erg gauss" 1 

Nuclear magneton 

Mn - he/Arm* - (0.505038 ± 0.000036) X lO" 23 erg gauss"* 

Proton magnetic moment 

M = 2.79277 ± 0.00006 nuclear magnetons 

Mass energy conversion factors 

1 g - (5 60999 ±0.00025) X 10 26 Mev (million electronvolts) 
1 electron mass - 0.510984 ± 0.00016 Mev 
1 atomic mass unit - 931.162 ± 0.024 Mev 
1 proton mass - 938.232 ± 0.024 Mev 
1 neutron mass - 939.526 ± 0.024 Mev 

Quantum energy conversion factors 

1 electron volt (ev) - (1.60207 ± 0.00007) X 10"* 2 erg 
1 million electron volts (Mev) - (1.60207 ± 0.00007) X 10"' erg 
1 billion electron volts (Bev) "- (1.60207 ± 0.00007) X 10" 3 erg 

Velocity of a thermal (to ev ) neutron 

v& - 2,187.017 ± 0.028 m/sec 
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8b-l. Table of Nuclear Properties. Table 8b-l lists the known properties of all 
stable nuclei, plus those whose half lives are long enough to be of geological signifi- 
cance. Unstable species are denoted by an asterisk following the mass number. 

Nuclear spins are given in units of h(- A/2tt), magnetic moments in units of the 
nuclear magneton, quadripole moments in units of the proton barn, and binding 
energies in Mev. Binding energies are given only when they have been determined 
directly from ( 7 ,n) or ( y ,p) thresholds or (d,n) or (d,p) Q values. Magnetic moments 
are quoted directly from the corresponding references and are therefore not uniformly 
corrected for diamagnetism. Cosmic abundances are numbers of atoms per 10 4 
atoms of total silicon. 

The number in parentheses following a listed value is the uncertainty of the last 
figure as given in the reference. The placing of an entire number in parentheses 
indicates that the quantity has not been measured; the value so designated is an 
estimate or a value suggested by theory. 

For the radioactive elements, the mode of decay and half life are given in the Notes 
column; except for Nd 144 , data are from ref. 46. 

8b-2. Shell Structure. The existence of "shells" of nucleons is inferred from a 
single-particle model under the following assumptions: 1 - 2 

1. The single-particle levels of nucleons in a nucleus are those of a rounded-off 
square well, with strong spin-orbit coupling giving rise to inverted doublets; the 
doublet splitting increases with the orbital angular momentum quantum number I. 

2. An even number of identical nucleons in any state with total angular momentum 
quantum number j couple to give total spin zero and no contribution to the magnetic 
moment; an odd number of identical nucleons in a state j couple to give total spin j 
(usually) and a magnetic moment equal to that of a single particle in that state. 

3. For a given nucleus the pairing energy of nucleons in states of the same j increases 
with j. 

It is recognized empirically that there exist differences in the behavior of neutrons 
and protons above N or Z = 50; one suggestion 2 is that this results from a lowering 
in energy of proton states corresponding classically to circular orbits, relative to the 
positions of the corresponding neutron states, due to Coulomb forces. On the other 
hand, the level order is presumably to be considered as resulting from the potential 
energy as seen by the "last" nucleon; and in view of the fact that, for N or Z above 
50, N « Z is not a valid approximation, there is no reason to expect that the potential 
energy of, say, the sixty-fifth neutron in a nucleus containing 65 neutrons should be 
the same as that of the sixty-fifth proton in a nucleus containing 65 protons. 



1 Mayer, Phys. Rev. 78, 16 (1950). 

2 Klinkenberg, Revs. Modern Phys. 24, 63 (1952). 
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Table 8b-l. Properties 



Atomic 
No. 


Name 


Chem. 
symbol 


Neutron 
No. 


Mass 
No. 


Atomic 
mass 


Spin 
/ 


Par- 
ity 


% 
abundance 


Cosmic 
abundance 


Z 




N 


A=AT + Z 


M 


(ref. 46) 


(ref. 4) 


o 


Neutron 




1 


1* 


1.008986(3) 


1 


+ 






1 


Hydrogen 


H 





1 


1.008146(3) 


I 


+ 


99.9849-611 
0.0139-511 


3.5 X 10 8 








1 


2 


2.014741(3) , 


1 


+ 


2 


Helium 


He 


2 


3 
4 


3.016977(H) 1 
4,003879(9) 


l 

2 



(+) 
+ 


(1.3-1.7)X10~M 
~100 I 


3.5 X10 7 


3 


Lithium 


Li 


3 


6 


6.017021(22) 


1 


+ 


7.52 










4 


7 


7.018223(26) 


3 


(-) 


92.48 




4 


fiery Ilium 


Be 


5 


9 


^mmmm ' 


.-4" 




100 




5 


•p 


B 


5 


10 


10.016110(10) 


3 


+ 


18.45-18.98 








6 


, 11 


11.012811(9) , 


1, 


(-) 


. 81,02-81.55 


y.'.'.'.'.'.'u'.'. 


6 


Carbon 


C 


6 


i2 


12.00*3842(4) 





(+) 


$88921 
1.108/ 


80^000 








7 


13 


13.007505(12) 


i 


— 


7 . 


Nitrogen 


N 


7 
8 


14 
15 


14.007550(5) 
15.004902(9) 


i 


+ 


99.6351 
0.365 J 


160,000 


8 


Oxygen 





8 


16 


16.00000000 





+ . 


99.759 


220,000 








9 


17 


17.004533(7) 


5 


+ 


0.037 


86 








10 


18 


18.004883(20) 





4- 


0.204 


450 


9 


Fluorine 


F 


10 


19 


19.004444(22) 


1 

2 


+ 


100 


90 


*° 


Neon 


Ne 


10 


20 


19.998772(13) 


(0) 


(+) 


90.92 


42,000 








11 


21 


21.000504(22) 


3 


(+) 


0.257 


130 








12 


22 


21.998382(24) 


(0) 


(+) 


8.82 


4,300 


11 


Sodium 


Na 


12 


23 


23.001768(26) 


I 


+ 


100 


462 ± 36 


12 


Magnesium 


Mg 


12 


24 : 


23.992628(26) 


(0) 


(+) 


78.60 


6,970 ± 240 








13 


25 


24,993745(27) 


1 


■(+) 


10.11 


897 ± 97 








14 


26 


25.990802(29) 


(0) 


(+) 


11.29 


1,000 ± 100 


13 


Aluminum 


Al 


14 


27 


26.990109(23) 


5 


(+) 


100 


882 ± 81 


14 


Silicon 


Si 


14 


28 


27.985825(16) 


(0) 


(+) 


92.27 


9,228 ± 3 








15 


29. 


28.985705(21) , 


i 


(+) 


,4.68 


467 ± 1 








16 


30 


29.983307(31) 


(0) 


(+) 


3.05 


305 ±3, 


15 


Phosphorus 


P 


16 


31 


30.983619(7) 


i 


(+) 


100 


J30 


16 


Sulfur 


s ' '■ 


16 


32 


31 .982236(7) 





+ 


95:018 


3,300 








17 


33 


32.98213(5) 


! 


+ 


0.750 


26 








18 


34 


33.97876(5) 





+ 


4,215 


150 








20 


36 


35.97893(7) 


(0) 


(+) 


0.017 


0.56 


17 


Chlorine 


CI 


18 


35 


34.98004(5) 


I 


+ 


75.4 


130 








20 


37 


36.97766(5) 


3 
2 


C+) 


24.6 


42 


18 


Argon 


A 


18 


36 


35.97900(3) 


(0)- 


(+) 


0.337 


450 








20 


38 


37.97491(4) 


(0) 


(+) 


0.063 


87 








22 
20 


40 


39.97513(3) 
38.97606(3) 


(0) 

f 


(+) 
(+0 


99.600 




19 


Potassium 


K 


39 


93.08(v) 


64.7 ± 7.0 








21 


40* 


39.97654(8) 


4 


M 


0.0119 


0.0076(8) 








22 


41 


40.97490(4) 


3 
2 


+ 


6.91 


4.64(50) 


20 


Calcium 


Ca 


20 


40 


39.97545(9) 


(0) 


(+) 


96.97 


650(72) 








22 


42 


41.97216(4) 


(0) 


■(+) 


0.64 


4.29(49) 








23 


43 


42.97251(6) 


' 7 
2 


(-) 


0.145 


1.01(12) 








24 


44. 


43.96924(6) 


(0) 


(+) 


2.06 


13.8(16) 








26 . 


46 


. .,*...;. . . .-..,:■ 


(0) 


.-(+)■ 


0.0033 


0.022(4) 








28 


48 


47.96778(10) 


(0) 


(+) 


0.0185 


1.27(15) 


21 


Scandium 


Sc 


24 


45 


44.97010(5) 


■ 7 . 

2 


(-)' 


100 


0.18 


22 


Titanium 


Ti 


24 


46 


45.96697(5) 


(0) 


(+) 


7.95 


2.07(72) 








25 


47 


46.96668(10) 


5 


(-) 


7.75 


2.02(70) 








26 


48 


47.96317(6) 


(0) 


(+) 


73.45 


19.1(66) 








27 


49 


48.96358(5) 


7 
2 


(-) 


5.51 


1.43(50) 








28 


50 


49.96077(4) 


(0) 


(+) 


5.34 


1.39(48) 



See page 8-16 for footnotes and pages 8-16. to 8-18 for References. 
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of Stable Nuclei 



Magnetic 
dipole 
moment 



-1.91280(9) 
+2 79255(10) 
+0.957354(9) 
(-)2. 127414(3) 



+0.82189(4) 

+3.25586(11) 

-1.1774(8) 

+1.8004(7) 

+2.68858(28) 



+0.70225(14) 

+0.40365(3) 

-0.28299(3) 



-1.8935(2) 
+2.62728(10) 



+2.21711(25) 

(2) 
-0.8552(2) 



+3.6408(4) 
-0.55492(4) 



+1.13165(20) 
+0.64292(14) 



+0.82191(22) 
+0.68414(24) 



+0.390873(13) 
-1.2982(4) 

+0.21453(3) 



-1.3152(2) 



+4.75633(>12) 

-0.78706(10) 

-1.1022(2) 



Electric 

quadrupole 

moment 

Q 



+0.002738(14) 



+(0.02)(2) 

(0.02) 
+0.0740(50) 
+0.0355(20) 



+0.02 



-0.005(-,-*2) 



+0.149(2) 



-0.064(10) 



-0.07894(2) 
-0.06213(2) 



Binding 
energy 
of last 

neutron 

En 



2 

2 
2.225(2) 
6.255(6) 



5.35(20) 
7.244(7) 
1.664(2) 
8.55(25) 
11.460(11) 



4.957(6) 
10.7(2) 
10.838(11) 
16.3(4) 

4.143(8) 



6.754(7) 
10. 362(11) 
12.05(20) 
16.55(25) 

7.322(7) 
11.15(20) 
12.75(20) 
16.9(2) 

8.471(10) 
10.613(13) 
12.35(20) 



8.647(11) 
10.85(20) 



9.95(20) 



13.2(2) 
7.801(10) 



15.9(4) 
7.93(2) 



13.3(2) 
8.74(10) 
11.05(40) 
15(5) 



Binding 
energy 
of last 
proton 



2 
2 

2.225(2) 



9.8(5) 
16.93(15) 



16.35(20) 



11.5(10) 
14.0(10) 
8.6(5) 
11.31(20) 



7.15(4) 
9.04(8) 



Ground- 
state 

configu- 
ration 

(ref. 38) 



(i |)x 



<f.t>* 

n 

n 

(I. 1)3 

n 



(i, i)i 



dt 



(d|)3| 



d m 






h 
ii" 



Ref. 
M 



15 
18 
40 
15 
40 
15 
15 
15 
40 
40 
18 
40 
40 
40 
Standard 
32 
40 
40 
40 
32 
40 
32 
32 
32 
32 
40 
40 
40 
40 
41 
18 
18 
18 
3 
18 
18 
18 
18 
45 
18 
34 

18 
45 
18 
18 
18 



18 
18 
24 
24 
24 
24 
24 



Ref. 
/ 



Ref. 

M 



35 



38 



55 



55 



47 



55 



55 



55 



Ref. 
Q 



Ref. 

En 



Ref. 
E P 



Notes 



55 



20 



53 



0"; 12.8 min 



15 
12 

37 
37 
21 
37 
37 

37 
37 
37 
37 
37 



37 
37 
56 
56 
56 
56 
56 
56 



56 



56 



56 
56 



56 
56 



11 
11 
11 
11 



15 



37 



56 
56 
56 
56 
56 
56 
19a 
56 



0-, EC; 1.2 X 
10» years 
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Table 8b-l. Properties 



Atomic 
No. 


Name 


Chem. 
symbol 


Neutron 
No. 


Mass 
No. 


Atomic 
mass 


Spin 
/ 


Par- 
ity 


% 
abundance 


Cosmic 
abundance 


Z 




N 


A=N + Z 


M 


(ref. 46) 


(ref. 4) 


23 


Vanadium 


V 


27 


50 


49.96330(12) 


6 


(+) 


0.24 


0.006 








28 


51 


50.96052(5) 


I 


<-) 


99.76 


2,5 


24 


Chromium 


Cr 


26 


50 


49.96210(7) 


(0> 


(+) 


4.31 


4.3 








28 


52 


'51.95707(9) 


(0) 


(+) 


83.76 


80 








29 


53 


52.95772(8) 


I 


(-) 


9.55 


9.0 








30 


54 


53.9563 (2) 


(0) 


(+) 


2.38 


2.2 


25 


Manganese 


Mn 


30 


55 


54.95581(10) 


5 
2 


(-) 


100 


77 


26 


Iron 


Fe 


28 


54 


53.95704(5) 


(0) 


(+) 


5.84 


1,100 








30 


56 


55.95274(9) 


(0) 


(+) 


91.68 


17,000 








31 


57 


56.95359(10) 


(!) 


(-) 


2.17 


400 








32 


58 


57.9520(4) 


(0) 


(■+) 


0.31 


60 


27 


Cobalt 


Co 


32 


59 


58.95157(10) 


i 


M 


100 


99 


28 


Nickel 


Ni 


30 


58 


57.95349(9) 


(0) 


(+) 


67.76 


910 








32 


60 


59.94925(13) 


(0) 


(+) 


26.16 


350 








33 


61 


60.94907(23) 


(f) 


(-) 


1.25 


17 








34 


62 


61.94681(9) 


(0) 


(+) 


3.66 


49 








36 


64 


63.94755(7) 


(0) 


(.+) 


1.16 


16 


29 


Copper 


Cu 


34 


63 


62.94926(6) 


a 
2 


— 


69.1 


3.2 








36 


65 


64.94835(6) 


1 


— 


30.9 


1.4 


30 


Zinc 


Zn 


34 


64 


63.94955(2) 


(0) 


(+) 


48.89 


0.78 








36 


66 


65.94722(6) 


(0) 


<+> 


27.81 


0.44 








37 


67 


66.94815(6) 


5 
2 


— 


4.11 


0.065 








38 


68 


67.94686(7) 


(0) 


(+) 


18.56 


0.30 








40 


70 


69.94779(6) 


(0) 


(+) 


0.62 


0.0099 


31 


Gallium 


Ga 


38 


69 


68.94778(6) 


I 


— 


60.2 


0.39 








40 


71 


70.94752(9) 


f 


— 


39.8 


0.26 


32 


Germanium 


Ge 


38 


70 


69.94637(7) 


(0) 


(+) 


20.55 


0.51 








40 


72 


71.94462(7) 


(0) 


(4-) 


27.37 


0.68 


32 


Germanium 


Ge 


41 


73 


72.94669(4) 


9 

2 


+ 


7.67 


0.19 








42 


74 


73.94466(6) 


(0) 


(+) 


36.74 


0.92 








44 


76 


75.94559(5) 


(0) 


(+) 


7.67 


0.19 


33 


Arsenic 


As 


42 


75 


74.94570(5) 


3 

2 


— 


100 


4.8 


34 


Selenium 


Se 


40 


74 


73.94620(8) 





(+) 


0.87 


0.0022 








42 


76 


75.94357(5) 


(0) 


(+) 


9.02 


0.023 








43 


77 


76.94459(5) 


£ 


— 


7.58 


0.019 








44 


78 


77.94232(5) 





(+) 


23.52 


0.059 








46 


80 


79.94205(5) 


(0) 


(+) 


49.82 


0.12 








48 


82 


81.94285(6) 


(0) 


(+) 


9.19 


0.023 


35 


Bromine 


Br 


44 


79 


78.94365(6) 


1 


— 


50.52 


0.21 








46 


81 


80.94232(6) 


1 


- 


49.48 


0.21 


36 


Krypton 


Kr 


42 


78 


77.94519(18) 


(0) 


(+) 


0.354\ 










44 


80 


79.94246(11) 


co) 


(+) 


2.27 J 










46 


82 


81.93961(11) 


(0) 


(+) 


11.56 ( 


~0.87 








47 


83 


82.94059(7) 


1 


+ 


11.55 ( 










48 


84 


83.93836(9) 


(0) 


(+) 


56.90 1 










50 


86 


85.93820(8) 


(0) 


<+> 


17.37 / 




37 


Rubidium 


Rb 


48 


85 


84.93920(8) 


s 
2 


— 


72.15 


0.052 








50 


87* 


86.93709(17) 


I 


- 


27.85 


0.019 


38 


Strontium 


Sr 


46 


84 


83.94011(15) 


(0) 


<+) 


0.56 


0.0023 








48 


86 


85.93684(11) 


(0) 


(+) 


9.86 


0.040 








49 


87 


86.93677(8) 


9 
2 


+ 


7.02 


0.029 








50 


88 


87.93408(11) 


(0) 


(+) 


82.56 


0.34 


39 


Yttrium 


Y 


50 


89 


88.93421(11) 


1 

2 


" 


100 


0.10 



See page 8-16 for footnotes and pages 8-16 to 8-18 for References, 
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Magnetic 
dipole 
moment 



+3.3412(3) 
+5.1478(5) 



-0.47351(60) 



+3.4681(4) 



+0.05 



+4.6484(16) 



+2.22617(36) 
+2.3845(4) 



+0.87378(13) 



+2.167(11) 
+2.5614(10) 



-0.87675(12) 



+1.4347(3) 



+0.53326(5) 



+2.10576(37) 
+2.2696(5) 



-0.9704 



+1.3532(4) 
+2.7501(5) 



-1.0892(15) 



-0.14 



Electric 
quadrupole 



+0.3(2) 



+0.5 



+0.5(2) 



-0.157 
-0.145 



+0.2318(23) 
+0.1461(15) 



-0.2(11) 
+0.3(2) 



+0.26(8) 
+0.21(7) 



+0.15 



Binding 
energy 
of last 
neutron 

En 



11.15(20) 
13.4(2) 
11.80(25) 
7.75(20) 



10. 15(20) 
13.8(2) 
11.15(25) 
7.75(20) 



10.25(20) 
11.7(2) 



10.85(20) 

9.75(20) 
11.65(20) 
11.15(20) 

7.00(20) 
10.15(20) 

9.2(2) 
10.10(20) 

9.05(20) 



10.2(2) 



7.5(3) 



9.8(5) 
10.60(20) 
9.95(20) 



10.0 



9.50(20) 
8.40(20) 
11.15(20) 



Binding 
energy 
of last 
proton 



Ground- 
state 

configu- 
ration 

(ref. 38) 



ihih 

h 



n 



n 



g % 



Ref. 
M 



27 
24 
24 
24 
24 
24 
24 
24 
45 
24 
24 
45 
45 
45 
24 
24 
24 
24 
24 
24 
24 
24 
24 
24 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
52 
45 
45 
45 
52 
45,52 
45 
52 
52 

52 
52 
52 
52 
52 



Ref. 

/ 



55 



55 



55 



Ref. 



55 



55 



55 



55 



Ref. 
Q 



44 



42 



Ref. 



10 



Ref. 
E P 



Notes 



0"; 6 X 10io 
years 
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Table 8b-l. Properties 


Atomic 




Ghem. 
symbol 


Neutron 


Mass 


Atomic 


Spin 

/ 


Par- 


% 


Cosmic 


No. 


Name 


No. 


No. 


mass 


abundance 


abundance 


Z 




N 


A=N + Z 


M 


ity 


(ref. 46) 


(ref. 4) 


40 


Zirconium 


Zr 


59 


90 


89.93311(25) 


(0) 


(+) 


51.46 


0.77 








51 


91 


90.9343(4) 


5 


+ 


11.23 


0.17 








52 


92 


91.9339(4) 


(0) 


('+) 


17.11 


0.26 








54 


94 


93.9365(5) 


(0) 


(+) 


17.40 


0.26 








56 


96 


95.9394(5) 


(0) 


(+) 


2.80 


0.042 


41 


Columbium 
or Niobium 


Cb 
orNb 


52 


93 


92.93540(9) 


9 

2 


+ 


100 


0.009 


42 


Molybdenum 


Mo 


50 


92 


91.9352(4) 


(0) 


(+) 


15.86 


0.030 








52 


94 


93.9353(4) 


(0) 


(+) 


9.12 


0.017 








53 


95 


94.946(8) 


5 

2 


+ 


15.70 


0.030 








54 


96 


95.9358(4) 


(0) 


(+) 


16.50 


0.031 








55 


97 


96.945(9) 


5 


+ 


9.45 


0.018 








56 


98 


97.93610(40) 


(0) 


(+) 


23.75 


0.045 








58 


100 


99.93860(40) 


(0) 


(+) 


9.62 


0.018 


44 


Ruthenium 


Ru 


52 


96 


95.9388(4) 


(0) 


(+) 


5.7 


0.0053 








54 


98 


97.943(11) 


(0) 


(+) 


2.2 


0.0021 








55 


99 


98.944(11) 


5 

2 


(+) 


12.8 


6.012 








56 


100 


99.942(11) 


(0) 


(+) 


12.7 


0.012 








57 


101 


100.946(11) 


5 

2 


+ 


17.0 


0.016 








58 


102 


101.941(11) 


(0) 


(+) 


31.3 


0.029 








60 


104 




(0) 


(+) 


18.3 


0.017 


45 


Rhodium 


Rh 


58 


103 


102.941(11) 


i 




100 


0.035 


46 


Palladium 


Pd 


56 


102 


101.93750(9) 


(0) 


(+) 


0.8 


0.00026 








58 


104 


103.93655(11) 


(0) 


(+) 


9.3 


0.0030 








59 


105 


104.93840(15) 


5 


+ 


22.6 


0.0072 








60 


106 


105.93680(19) 


(0) 


(+) 


27.2 


0.0087 








62 


108 


107.93801(11) 


(0) 


(+) 


26.8 


0.0086 








64 


110 


109.93965(13) 


(0) 


(+) 


13.5 


0.0043 


47 


Silver 


Ag 


60 


107 


106.9387(2) 


\ 


- 


51.35 


0.014 








62 


109 


108.9394(5) 


\ 


— 


48.65 


0.013 


48 


Cadmium 


Cd 


58 


106 


105.93984(14) 


(0) 


(+) 


1.215 


0.00032 








60 


108 


107.93860(11) 


(0) 


(.+) 


0.875 


0.00023 








62 


110 


109.93856(13) 


(0) 


(+) 


12.39 


0.0032 








63 


111 


110.93978(10) 


i 


+ 


12.75 


0.0033 








64 


112 


111.93885(17) 


(0) 


(+)' 


24.07 


0.0063 








65 


113 


112.94061(11) 


1 

2 


+ 


12.26 


0.0032 








66 


114 


113.93997(9) 


(0) 


(+) 


28.86 


0.0075 








68 


116 


115.94202(12) 


(0) 


(+) 


7.58 


0.0020 


49 


Indium 


In 


64 


113 


112.94045(12) 


9 

2 


+ 


4.23 


0.00042 








66 


115* 


114.94040(11) 


t 


+ 


95.77 


0.0096 


50 


Tin 


Sn 


62 


112 


111.9407(5) 


(0) 


(+") 


0.95 


0.0056 








64 


114 


113.9394(6) 


(0) 


(+.)' 


0.65 


0.0038 








65 


115 


114.94014(25) 


1 

2 


+ 


0.34 


0.0022 








66 


116 


115.93927(11) 


(0) 


(+) 


14.24 


0.087 








67 


117 


116.94052(10) 


1 

2 


+ 


7.57 


0.047 








68 


118 


117.93978(16) 


(0) 


(+) 


24.01 


0.149 








69 


119 


118.94122(12) 


1 

2 


+ 


8.58 


0,053 








70 


120 


119.94059(14) 


(0) 


(+) 


32.97 


0.19 








72 


122 


121.94249(15) 


(0) 


(+) 


4.71 


0.030 








74 


124 


123.94490(11) 


(0) 


(+) 


5.98 


0.038 


51 


Antimony 


Sb 


70 


121 


120.9426(2) 


5 
2 


+ 


57.25 


0.0097 








72 


123 


122.9430(3) 


I 


+ 


42.75 


0.0073 


52 


Tellurium 


Te 


68 


120 


119.94288(16) 


(0) 


(+) 


0.089 







See page 8-16 for footnotes and pages 8-16 to 8-18 for References. 



SYSTEMATICS OF STABLE NUCLEI 
of Stable Nuclei {Continued) 



a-ii 



Magnetic 

dipole 

moment 

M 


Electric 

quadrupole 

moment 

Q 


Binding 
energy 
of last 

neutron 

En 


Binding 
energy 
of last 
proton 

E P 


Ground- 
state 

configu- 
ration 

(ref. 38) 


Ref. 
M 


Ref 

/ 


Ref 


Ref 
Q 


Ref 

En 


Ref 
E P 


Notes 






12.0(2) 

7.2(4) 
8.73(10) 




d| ••• 


52 
45 
45 
45 
45 
52 

45 

45 
2 

45 
2 

14 
6 

45 
2 
2 
2 
2 
2 


7 
7 

7 
7 
7 
7 

7 

7 
38 

7 
38 

7 

7 

7 

7 
46 

7 
46 

7 

7 
38 

7 

7 
46 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 


7 

38 
38 

38 
39 

48 
48 

7 

7 

7 
26 

7 
7 
7 

38 

7 


7 
7 

43 
43 


11 
11 
11 

17 
11 

11 

10 
11 

11 

17 
17 

11 
11 
9 


5 
13 




































+6.1659 




8.70(20) 
13.28(15) 




H 






















-0.9140(2) 








V 














-0.9332(1) 




7.1(3) 




H 






















































h 






















h 


























(-)O.ll 




9.35(20) 


8(1) 


n 


2 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 

31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 


























7.2(3) 




H 










6 


























-0.113042(13) 












-0.129955(13) 




9.3(5) 


6.1 


































-0.59492(8) 






















-0.62238(8) 




6.44(15) 




8 i 
























+5.486(3) 


+1.144 
+1.161 










+5.50945(11) 


9.5(5) 




r;6x 10" 

years 


















-0.91779(10) 








*i 














-0.99982(10) 
















9. 10(20) 
6.60(20) 






-1.04600(10) 






























8.50(15) 
9.25(20) 
9.3 








+3.360 


-1.3(2) 
-1.7(2) 




+2.547 
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NUCLEAR PHYSICS 



Table 8b-l. Properties 



Atomic 




Chem. 
symbol 


Neutron 


Mass 


Atomic 


Spin 

/ 


Par- 
ity 


% 


Cosmic 


No. 


Name 


No, 


No. 


mass 


abundance 


abundance 


Z 




N 


A=N + Z 


M 


(ref. 46) 


(ref. 4) 


52 


Tellurium 


Te 


70 


122 


121.94193(8) 


(0) 


(+) 


2.46 










71 


123 


122.94368(39) 


l 

2 

(0) 


+ 


0.87 










72 


124 


123.94278(11) 


(+) 


4.61 










73 
74 
76 


125 
126 
128 


124.94460(31) 
125.94420(7) 
127.94649(13) 


i 

(0) 
(0) 


+ 
(+) 
(+) 


6.99 
18.71 
31.79 


















78 


130 


129.94853(10) 


(0) 


(+) 


34.49 




53 


Iodine 


I 


74 


127 


126.94528(13) 


5 


+ 


100 


0.018 


54 


Xenon 


Xe 


70 


124 


123.94578(7) 


(0) 


(+) 


0!096\ 










72 


126 


125.94476(14) 


(0) 


(+) 


0.090 1 










74 


128 


127.94446(9) 


(0) 


(+) 


1.9191 










75 


129 


128.94601(15) 


i 


+ 


26.44 ( 










76 


130 


129.94501(10) 


(0) 


(+) 


4.08 > 


~0.015 








77 


131 


130.94673(42) 


f 


+ 


21.18 f 










78 


132 


131.94615(10) 


(0) 


(+) 


26.89 \ 










80 


134 


133.94803(12) 


(0) 


(+) 


10.44 | 










82 


136 


135.95046(11) 


(0) 


(+) 


8.87 / 




55 


Cesium 
Barium 


Cs 
Ba 


78 
74 
76 


133 
130 
132 




i 

(0) 
(0) 


+ 
(+) 
(+) 


100 
0.101 
0.097 


0.001 


56 




3.9X10 _S 






3.8X10-5 








78 
79 


134 
135 




(0) 

3 


(+) 
(+) 


2.42 
6.59 


0.00094 






0.0026 








80 


136 


135.9488(10) 


(0) 


(+) 


7.81 


0.0030 








81 


137 


136.9502(10) 


t 


+ 


11.32 


0.0044 








82 


138 


137.9498(5) 


(0) 


(+) 


71.66 


0.028 


57 


Lanthanum 


La 


81 
82 


138* 
139 




7 

2 


(+) 


0.089 
99.911 


1.9X10-5 




138:953(8) 


0.021 


58 


Cerium 


Ce 


78 


136 




(0) 


(+) 


0.193 


4.4X10-5 








80 
82 


138 
140 




(0) 
(0) 


(+) 
(+) 


0.250 

88.48 


5.8X10-5 




139.9488(10) 


0.020 








84 


142 


141.9528(4) 


(0) 


(+) 


11.07 


0.0025 


59 


Praseodymium 


Pr 


82 


141 


140.9509(4) 


5 


+ 


100 


0.0096 


60 


Neodymium 


Nd 


82 


142 




(0) 


(+) 


27.13 


0.0090 






83 
84 


143 
144* 




7 

(0) 


(-) 
(+) 


12.20 
23.87 


0.0040 




143.9562(3) 


0.0079 








85 


145 


144.962(4) 


i 


(-) 


8.30 


0.0027 








86 


146 


145.962(4) 


(0) 


(+) 


17.18 


0.0057 








88 


148 


147.9642(6) 


(0) 


(+) 


5.72 


0.0019 








90 


150 


149.9676(3) 


(0) 


(+) 


5.60 


0.0018 


62 


Samarium 


Sm 


82 


144 


143.9567(9) 


(0) 


(+) 


3.16 


0.00038 








85 


147* 




7 


(-) 


15.07 


0.0018 








86 


148 


147.9616(7) 


(0) 


(+) 


11.27 


0.0014 








87 


149 




J 


(-) 


13.84 


0.0017 








88 


150 


149.9632(10) 


(0) 


(+) 


7.47 


0.0009 








90 


152 


151.9677(5) 


(0) 


■(+) 


26.63 


0.0032 








92 


154 


153.9712(5) 


(0) 


(+) 


22.53 


0.0027 


63 


Europium 


Eu 


88 


151 




5 
2 


(+) 


47.77 


0.0013 






90 


153 




+ 


52.23 


0.0015 


64 


Gadolinium 


Gd 


88 


152 




(0) 


(+) 


0.20 


3.4X10-5 








90 


154 


153.9694(4) 


(0) 


(+) 


2.15 


0.00037 








91 


155 


154.971(6) 


(!) 


(-) 


14.73 


0.0025 



See page 8-16 for footnotes and pages 8-16 to 8-18 for References. 
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Magnetic 

dipole 

moment 

/* 


Electric 

quadrupole 

moment 

Q 


Binding 
energy 
of last 

neutron 

En 


Binding 
energy 
of last 
proton 

E P 


Ground- 
state 

configu- 
ration 

(ref. 38) 


Ref. 
M 


Ref 
/ 


. Ref 


. Ref 
Q 


. Ref 

En 


. Ref 
E P 


Notes 












31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 
31 


7 

55 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

7 
7 
7 
7 
7 
7 
7 
38 
7 

38 

7 
7 
7 
7 
36 

7 
36 

7 
7 
7 
7 
7 
7 
7 


55 
55 

7 

51 
51 

7 

7 
7 

7 

55 

38 

38 

36a 
36a 

38 
38 


7 

44 
55 

7 

7 


1G 
11 

17 

10 

17 

17 
17 
11 

11 






-0.73188(4) 








8 i 














-0.88235(4) 




6.8(3) 




°l 




































+2.8090(4) 


-0.59(20) 


9.10(20) 




h 


































-0.77255(2) 








*h 














+0.68680(2) 








d i 






































+2.5771(9) 




9.05(20) 












































+0.8346(25) 








h 


16 
16 
54 

2 














+0.9351(27) 




7.1(3) 




h 






















/S-, EC; ~1 X 
10 u years 


+2.7760(28) 


+0.9(1) 


8.80(20) 




























7.15(20) 
9.8(3) 




H 


54 
54 
54 










+3.8(4) 


-0.054 


















H 


16 

2 

2 

54 

54 

54 

54 












a; 1.5 X 10 15 
years (ref. 49) 


-0.65(9) 








h 




























7.4(2) 






















>i 


at; 1.5 X 10" 

years 










-0.55(10) 






















54 
54 
54 




























+3.6 


+1.2 






d J 






























54 
2 












h 












"1 




d 
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NUCLEAR PHYSICS 



Table 8b-l. Propekties 



Atomic 




Chem. 


Neutron 


Mass 


Atomic 


Spin 

/ 


Par- 
ity 


% 


Cosmic 


No. 


Name 


No. 


No. 


mass 


abundance 


abundance 


Z 




symbol 


N 


i=N + Z 


M 


(ref. 46) 


(ref. 4) 


64 


Gadolinium 


Gd 


92 


156 


155.9715(4) 


(0) 


(+) 


20.47 


0.0035 








93 


157 


156.973(6) 


(1) 


(-) 


15.68 


0.0027 








94 


158 


157.9736(8) 


(0) 


(+) 


24.87 


0042 








96 


160 


159.9785(12) 


(0) 


(+) 


21.90 


0.0037 


65 
66 


Terbium 
Dysprosium 


Tb 
Dy 


94 


159 




3 

(0) 


(+) 


100 


0.0052 


90 


156 




(+) 


0.0524 


1.0X10-5 


92 


158 




(0) 


(+) 


0.0902 


2.0X10-5 








94 


160 


159.9752(14) 


(0) 


(+) 


2.294 


0.00046 








95 
96 


161 
162 




(!) 

(0) 


(-) 
(+) 


18.88 
25.53 


0.0038 




161.9779(11) 


0.0051 








97 
98 


163 
164 




(I) 

(0) 


(-) 
(+) 


24.97 
28.18 


0.0050 




163.9814(14) 


0.0056 


67 


Holmium 


Ho 


98 


165 


164.9822(8) 


\ 


+ 


100 


0.0057 


68 


Erbium 


Er 


94 


162 




(0) 


(+) 


0.136 


1.6X10-6 




96 


164 


163.9827(12) 


(0) 


(+) 


1.56 


0.00024 








98 


166 




(0) 


(+) 


33.41 


0.0053 








99 
100 


167 
168 




t 

(0) 


(-) 
<+) 


22.94 
27.07 


0.0039 




167.9849(4) 


0.0043 








102 


170 


(169.9907) 


(0) 


(+) 


14.88 


0.0023 


69 
70 


Thulium 
Ytterbium 


Tm 


100 


169 




1 


(+) 


100 


0.0029 


Yb 


98 


168 




(0) 


(+) 


0.140 


9.0X10-« 


100 


170 




(0) 


(+) 


3.03 


0.00063 








101 
102 


171 
172 




(0) 


(-) 
(+) 


14.31 
21.82 


0.0021 






0.0032 








103 


173 




5 


(-) 


16.13 


0.0026 








104 
106 


174 
176 




(0) 
(0) 


(+) 
(+) 


31.84 
12.73 


0.0044 






0.0020 


71 


Lutecium 


Lu 


104 


175 




7 
2 


(+) 


97.40 


0.0047 


105 


176* 






2.60 


0.00012 


72 


Hafnium 


Hf 


102 


174 




(0) 


(+) 


0.18 


1.3X10-5 




104 


176 


175.9957(7) 


(0) 


(+) 


5.15 


0.00037 








105 


177 




2> ^ 

(0) 


(-) 


18.39 


0.0013 








106 


178 


177.9988(9) 


(+) 


27.08 


0.0019 








107 


179 




1 3 
2~» ^ 




13.78 


0.00097 








108 


180 


180.0031(8) 


(0) 


(+) 


35.44 


0.0025 


73 


Tantalum 


Ta 


108 


181 


181.0031(13) 


7 


+ 


100 


0.0031 


74 


Wolfram 


W 


106 


180 




(0) 


(+) 


0.135 


0.00021 


108 


182 


182.0041(7) 


(0) 


(+) 


26.4 


0.044 








109 


183 


183.0066(7) 


1 

2 


(-) 


14.4 


0.024 








110 


184 


184.0074(7) 


(0) 


(+) 


30.6 


0.052 








112 


186 




(0) 


(+) 


28.4 


0.050 


75 


Rhenium 


Re 


110 
112 


185 




t 

5 


+ 


37.07 


0.0015 


187* 




+ 


62.93 


0.0026 


76 


Osmium 


Os 


108 


184 




(0) 


(+) 


0.018 


6.3X10-6 


110 


186 




(0) 


(+) 


1.59 


0.00056 








111 


187 




(h) 


(-) 


1.64 


0.00057 








112 


188 


188.0157(5) 


(0) 


(+) 


13.3 


0.0047 








113 


189 


189.04(2) 


! 


(-) 


16.1 


0.0056 








114 


190 


190.0174(6) 


(0) (+) 


26.4 


0.0092 








116 


192 


192.0225(6) 


(0) (+) 


41.0 


0.014 


77 


Iridium 


Ir 


114 


191 


191.038(10) 


8 


+ 


38.5 


0.0054 








116 


193 


193.039(10) 


3 

2 


+ 


61.5 


0.0086 



See page 8-16 for footnotes and pages 8-16 to 8-18 for References. 
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Magnetic 
dipole 
moment 


Electric 

quadrupole 

moment 

Q 


Binding 
energy 
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neutron 

En 


Binding 
energy 
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proton 

E P 


Ground- 
state 

configu- 
ration 

(ref. 38) 


Ref. 
M 


Ref. 
/ 


Ref. 


Ref. 
Q 


Ref. 

En 


Ref 

E P 


Notes 












54 
2 

54 
54 


7 

7 
7 
7 
7 
7 
7 

44 
7 

44 
7 
7 
7 
7 
7 

38 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
.7 
7 
7 
7 

7 
30 

7 

7 
38 


7 
7 

7 
7 

33 

38 
38 

30 


7 

7 
7 

33 

7 

7 

30 

30 
30 


17 
17 

17 














h 


d 
































h 






































54 

54 

54 
54 












h 






















h 






















H 
























54 
























h 


54 
54 


































n 




























+0.45 








n 
















-0.65 


+3.9(4) 






h 




























+2.6 


+5.9 
+7(1) 






(-¥-.¥) 






+3.8 






/8~; 7.5 X 10"> 
years 






























n 






















n 


54 
54 
16 














+1.9 


+5.9 


7.55(20) 




n 




















54 
54 
54 












n 


























+3.1714(6) 


(+2.8) 


















0"; 4 X 10" 
years 


























n 


54 
2 

54 
1 
1 


d 










+0.70(9) 


+2.0(8) 






n 




































+0.18(3) 


+1.0(5) 


7.80(20) 




38 an 
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NUCLEAR PHYSICS 



Table 8b-l. Properties 



Atomic 

No. 

Z 



78 



79 
80 



81 
82 



83 
90 



92 



Name 



Platinum 



Gold 
Mercury 



Thallium 
Lead 



Bismuth 
Thorium 



Uranium 



Chem. 
symbol 



Pt 



Au 
Hg 



Tl 
Pb 



Bi 
Th 



Neutron 
No. 

N 



No. 

A=N + Z 



112 
114 
116 
117 
118 
120 
118 
116 
118 
119 
120 
121 
122 
124 
122 
124 
122 
124 
125 
126 
126 
142 

142 

143 

146 



190 
192 
194 
195 
196 
198 
197 
196 
198 
199 
200 
201 
202 
204 
2C3 
205 
204 
206 
207 
208 
209 
232* 

234* 

235* 



Atomic 



194.0241(6) 
195.0265(6) 
196.0267(6) 
198.0327(6) 
197.039(6) 



203.059(9) 

205.059(9) 

204.0363(10) 

206.0388(10) 

207.0405(10) 

208.0416(10) 

209.0446(10) 

232.1093(10) 

234.1130(10) 

235.1156(10) 

238.1242(10) 



Spin 

/ 



(0) 
(0) 

(0) 

1 

2 

(0) 
(0) 

3 

(0) 
(0) 

i 

(0) 

3 

(0) 
(0) 



(+) 
(+) 
(+) 

(+) 
(+) 
+ 
(+) 
(+) 

(+) 
(-) 
(+) 
(+) 
+ 
(+) 
(+) 
(+) 

(+) 
(-) 
(+) 



(0) (+) 

(+) 



abundance 
(ref. 46) 



(+) 



0.012 

0.78 
32.8 
33.7 
25.4 

7.23 
100 

0.146 
10.02 
16.84 
23.13 
13.22 
29.80 

6.85 
29.50 
70.50 

1.48 
23.6 
22.6 
52.3 
100 
100 

0.0058 

0.715 

99.28 



Cosmic 

abundance 

(ref. 4) 



0.00068 

0.029 

0.029 

0.022 

0.0063 

0.0082 



0.0041 

0.064 

0.061 

0.14 

0.0021 

0.012 



1.8X10-5 
0.0026 



a. Ground-state configuration assigned by GLT by analogy with Z = 11. 
6. Ground state configuration assigned by GLT by analogy with Z = 25. 

c. Energetically unstable with respect to both 0r and /8 + (ref. 27); neither so far observed. 

d. Probable spin and parity assignments by GLT based on shell-model predictions of ground-state configurations. 

e. Ground-state configurations assigned by GLT. 
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8. Haslam, Katz, Moody, and Skarsgard: Phys. Rev. 80, 318 (1950). 
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14. Duckworth and Preston: Phys. Rev. 82, 468 (1951). 
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Ref. 
M 


Ref. 
/ 


Ref. 


Ref. 
Q 


Ref 

En 


Ref 
E P 


Notes 














7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 
7 

7 

7 

7 


7 

55 

7 
7 

7 
7 

38 


50 

7 


17 
17 
17 

17 

11 

17 
17 

11 
11 
11 
17 
11 

11 
























9.50(20) 
6.10(20) 
8.20(20) 




n 


54 
54 
54 
54 

1 




+0.60592(8) 
























+0.13(1) 




7.90(20) 




h 


























+0.50413(3) 








n 
















-0.5990(1) 


+0.6 


6.6(2) 




n 


























+1.61166(14) 




8.80(20) 
7.55(20) 






1 

1 

54 

54 

54 

54 

25 
22 
25 




+1.62750(14) 




















8.25(10) 
6.95(10) 

7.40(20) 




n 

h 




+0.58750(7) 














+4.082(1) 


-0.4 








a; 1.4 X 10 10 

years 
a;2.5X10 5 

years 
a; 7.1 X 10* 

years 
a; 4.5 X 10» 

years 














h 






5.8(1.5) 
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Assumption (2), if rigidly adhered to, leads to an extreme single-particle model, in 
which the properties of odd or odd-odd nuclei are to be deduced from the effects of 
the odd particle(s) alone. This model meets with a high degree of success in account- 
ing for nuclear spins and parities but fails in a few cases, notably N or Z = 11 or 25, or 
Z = 9; its success is less marked, but still noteworthy, for more complex properties 
such as magnetic and quadrupole moments. Somewhat more general is the odd- 
group model, which allows for interactions among an odd number of identical particles 
outside a closed shell but retains the features of the single-particle model as regards 
an even number of identical particles outside a shell. This model can account for 
the spins of systems with N or Z = 11 or 25. A still more general model may be 
called the open-shell model; this permits interactions among all particles outside closed 
shells. A generalization in a different direction allows for a deformation of the 
"core" of nucleons in closed shells, either as a simple distortion* or as the excitation 
of "surface waves," the core being treated as a liquid drop. 2 

Both the single-particle and odd-group models treat odd-odd nuclei by ascribing 
to each group separately the properties it could be expected to have if the other group 
were even, and then combining the results. If the total angular momentum of one 
group isji, that of the other p, then the spin I of the nucleus lies between the bounds 

Some semiempirical rules have been set forth to reduce the indicated range of choice. 
One general set 3 is: given the /s and corresponding l's of the odd groups, 

I = \j\ — j 2 \ forjfi H-J2 + h + h =? 2K; 

i > lii - h\ for ii + J* + h + h ** 2K + h 

Another 4 applies to systems in which one odd group consists of a single particle out- 
side a closed shell while the other is one particle short of forming a closed, shell; then 
the rule is J = ji + j* - 1. Both have some theoretical justification; m the only 

i Rainwater, P%*. Rev. 79, 432(1950). ^ 

2 Foldy and Milford, Phys. Rev. 80, 751 (1950). 

3 Nordheim, Phys. Rev. 78, 294 (1950). 

« Kurath, Phys. Rev. 91, 1430 (1953). *. 
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Table 8b-2. Level Okder 
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Proton levels 


Total 
identical 
nucleons 


Neutron levels 




No. of protons 


No. of neutrons 




Level 










Level 




In level 


In shell 
(in subshell) 




In shell 
(in subshell) 


In level 
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case in which they conflict and a measurement has been made ( 19 K 40 ), the agreement 
is with the second rule. 

8b-3. Semiempirical Mass Formulas. Wigner 1 deduces for the binding energy of 
a nucleus the expression 

E B - $A(A - 1)L' -ZL+BA+ (?^) (T { * + ^S A )A^ + CZ(Z - l)A~i, 



where 



Tt-^N -Z) 

Sa = 1 -![(-!)* + ( _ 1)z]( 



H = 2A ~ (t) - ^> (2 > + 4) - fa 



1 Wigner, "University of Pennsylvania Bicentennial Conference," University of Penn- 
sylvania Press, Philadelphia, 1949. 



8-20 NUCLEAR PHYSICS 

B and C are constants, related by 

»■-»■>• osy. 

and L and V are functions of A. The first two terms are potential energy, the next 
two kinetic energy, and the last the Coulomb energy. C can be evaluated from 
mirror nuclei, and has the value 0.635 mm M . L and U can be calculated as follows: 
the difference between binding energies of two isobars depends only on L and known 
or calculable quantities; thus L can be determined (for a given A), and then from the 
original equation L' is determined. 1 

Carrying out the analogy between nuclear matter and liquid droplets gives the 
equation 2 

M(Z, N) = NM n + ZM P - clA + 0(AT - ZyA~^ + yA% + eZ*A~t 

The first two terms represent the masses of the constituents, the third term a "volume" 
energy, the fourth a symmetry energy, the fifth a surface energy, and the last the 
Coulomb energy. The last term is sometimes written as eZ(Z - 1) A *, with resulting 
changes in results to be given below. The most stable nucleus for a given value of A 
has atomic number 

Z A = kMW + M n - M p )(4j8 + cA*)-*, 
and mass 

M(A, Z A ) = (M n - a + p)A + yA* - |(40 + M n - M P )Z A . 

The Coulomb constant e is evaluated from mirror nuclei, from a fit of the curve of 
Z A vs. A with known stable elements, and a and y by fitting the masses of two stable 
elements. 

Bohr and Wheeler 3 evaluate Z A vs. A empirically, and write 

M(Z A ,A) = A(l +f A ), 

( 0, A odd; 
M(Z, A) = M(Z A , A) + ^B A (Z - ZaY + { ~^ A , A even, Z even; 

[ +^&a, A even, Z odd; 

/ A is the average value of the packing fraction around mass number A; 

B A - [M p - M n + (e^KSroA*)- 1 ]^ - ^t]- 1 + (6e*)(5roA*)-i; 

and 5 A is a pairing energy, evaluated empirically. Their values for d A range from 
2.8 Mev at A = 50 to 1.0 Mev at A = 240. 

The Bethe-Bacher formula can be put in this form: 4 using the above expressions 
for Z A and M(A, Z A ), 

M{Z, A) = M(Z A , A) + (4/3 + M n - M p ) — ^ 

Both references also add the pairing-energy term; they use 5a = 0.072 A"* amu 
without theoretical justification. 

i For further details and values of L and V see Collins, Nier, and Johnson, Phya. Rev. 
86, 408 (1952); and Halsted, Phys. Rev. 88, 666 (1952). 

2 Bethe and Bacher, Revs. Modern Phys. 8, 82 (1937). 

3 Bohr and Wheeler, Phys. Rev. 56, 426 (1939). 

4 Fermi? ^ Nuclear Physics," University of Chicago Press, Chicago, 1950; and Metropolis 
and Reitwiesner, "Table of Atomic Masses," unpublished, 1950. 
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No account has been taken here of shell-structure effects. Wapstra 1 suggests an 
additional term in the liquid-drop formula of the form 

for the ith. proton shell, and an analogous term for neutrons; f(x) is an unknown 
function such that /(0) = l,/(-s) = /(*)• Taking for simplicity f(x) = (1 + x*)' 1 , 
he gets good results with Wi = 3.5 for all i, iz=so = A N = &0 = 6.25 Mev, A N = S 2 = 6.00 
Mev. 

Stern 2 adds to the liquid-drop formula, for A > 208, a term 

0.01270 ■- 0.02340 exp [-18(A - 208) /208]; 

no theoretical explanation is offered, but agreement with experimental data is improved. 

Coryell 3 suggests that solutions for Z A , B A , and 5 A should be sought only locally, 
i.e., between shells, and that good results follow from locally linear dependence of 
Za on A. 

Kohman 4 maintains that the pairing-energy term should have the form ^tta( — 1) z+1 
+ $v A (-l) N+l . With tt A + v A = h A , tta - j>a = €a, then empirically 8 A ££ 1.3 Mev, 
€a =0.1 Mev. See also Suess. 5 

Some attempts have been made to evaluate the coefficients in the liquid-drop 
formula on theoretical grounds, or to deduce the form of the equation 6 or to take 
account of other factors such as compressibility of nuclear matter. 7 However, in 
general the added complexity appears not to be compensated for by a significant 
increase in accuracy. It is of some interest to note that the expression deduced by 
Allard has some points of similarity to both the Wigner formula and the liquid-drop 
formula. 

8b -4. Stability Rules. General Considerations. Assuming only (1) attractive pair- 
ing forces between nucleons and (2) saturation of nuclear forces, Sengupta 8 shows 
that, if an. odd- A nuclide is j8~-unstable, so are all its isobars of smaller Z; if an odd- A 
nuclide is /3 + - or electron-capture-unstable, so are all its isobars of larger Z. 

Let a given nuclide 9 be specified by the number of four groups m, the number 
of ungrouped neutrons n (= N — 2m), and the number of unpaired protons p 
( — Z — 2m, =0 or 1). Define (by interpolation, if necessary) E n (m, n, p) and 
E p (n, m, p) as the energy gained by adding an even neutron or proton, respectively, 
to nuclide (m, n, p), E' n (m, n, p) and E p (m, n, p) as the energy gained by adding odd 
particles, and E c (m, n, p) as the Coulomb energy of nuclide (m, n, p). Let wi, ri2, n 3 , 
and n 4 be the solutions of 

E c (m -f 1, rii — 4, 0) — E c (m, n x — 1, 1) + ra e c 2 

= E p (m, ni - 2, 1) - <(m, m - 2, 1), 
E c {m, n 2 — 1, 1) — E c (m, n 2 , 0) -f- m e c 2 = Ep(m, n 2 — 1,0) - E' n {m, n 2 — 1, 0), 
E e (m -j- 1, n z — 4, 0) — E c (m, n 3 — 1, 1) + m e c 2 

= E p (m, n z - 2, 1) - E n (m, n 3 - 2, 1), 
E e (m, n 4 — 1, 1) — E c (m, n 4 , 0) + m e c 2 = E' p (m, n 4 - 1, 0) - E n (m, n 4 - 1, 0). 

iPhysica 18, 83 (1952). 

2 Revs. Modern Phys. 21, 316 (1949). 

3 Ann. Rev. Nuclear Sci. 3, 305 (1953). 

4 Phys. Rev. 85, 530 (1952); also Suess, Phys. Rev. 81, 1071 (1951). 
5 Phys. Rev. 81, 1071 (1951). 

6 For example, Gombas, Ann. Physik 10, 253 (1952) ; Allard, J. phys. radium 8 (ser. 8), 65 
(1947) ; Hammack, PhD thesis, Washington University, 1951. 

7 Feenberg, Revs. Modern Phys. 19, 239 (1947) . 

8 Phys. Rev. 89, 1296 (1953). 

9 Fuchs, Proc. Cambridge Phil. Soc. 35, 242 (1939). 
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Then stable isobars of nuclide (m, n, p) can exist only for n\ < n < n 4 , stable nuclides 
of type (m, 2k, 1) only for n 2 < 2k + 1 < n 3 . Neglecting spin effects, ra 3 — n 2 S 2; 
spin effects generally tend to increase this somewhat. Also n* — n% — 712 — ni. 
Rough estimates give 

n* — rii == 3 — 7, 
ri4 — W3»= ri2 — ni = 0.5 — 2.5. 

The difference between n 4 and n\ should increase with increasing ra; the actual decrease 
beyond ra ^ 30 cannot be explained on these assumptions. 

Shell structure is not taken into account in these estimates (or in others below). 
Its effect may be described 1 as a tendency to narrow the limits of stability when a 
" magic" number lies between them, to widen them when such a number lies outside 
but near them. Another description would be to say that the lines of stability tend 
to lie along the '"magic" number lines. 

Specific Models. McMillan 2 finds that, if nucleons form a degenerate Fermi gas, 
with n-n, p-p, and n-p forces equal apart "from Coulomb interaction, the curve of 
greatest stability has the form 

Za -£ii[l +-(92jT)(8m)- 1 A!]-» 

where m is the maximum kinetic energy and K a constant whose value depends on the 
proton density distribution (cf . relation obtained by Bethe and Bacher from liquid- 
drop model, above) . 

The liquid-drop model gives for the energy available for decay of nuclide (A, Z)* 

{0, A odd, 
+ 6 a, A even, Z odd, 
— 8a, A even, Z even. 

From this 4 the upper limit of stability is Z" A = Z A + S A , the lower limit 
Z' A = Z A -"Sa, where S A = (*a/B a ) + i Below A S 30, B A > 28 A and S A < 1, 
and there may be no even-even nuclide between Z A and Z" A \ in this case an odd-odd 
one may be stable. 

The energy of an a. particle emitted by nuclide (A, Z) is 5 

Q a = A 4 (A/a) -/ho '-$B a & -^ZaY -B a (2 - A*Z a )(Z -Za), 

where A„F(A) = F(A) - F(A- ri). If Z A and Af A are approximately linear in A, 
then 

Qa ^ A 4 (A/ 4 ) - / He - \B A {2 - A,Z A ) 2 - B A A 1 Z A (2 - A 4 Za)(A - A z ), 

with A z the most stable A for given Z; the main term is A A (Af A ). Nuclide (A, Z) 
is a-unstable for Q a > 0. 

For liquid-drop model with shell-effect correction, Wapstra 6 deduces for the line of 
maximum stability ("center of the valley of stability") 

i Aten, /Science 110, 260 (1949). 
2 P%«. Rev. 92, 210 (1953). 

3 Bohr and Wheeler, loc. cit. 

4 Kohman, Phys. Rev. 73, 16 (1948). 

5 Kohman, Phys. Rev. 76, 448 (1949). 
6 Physicals, 83 (1952). 
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and for the limits of stability 



with 

c 



Zl =Z A _*L-*H ± !+k + £* (Z| T 1)f 



8c. Passage of Particles through Matter 



WALTER JOHN 1 

University of Illinois 



8c-l. Introduction. This article presents some of the commonly used formulas 
and data concerning the passage of particles through matter. Because of space 
limitations, much useful material has been omitted. For general discussion of these 
topics and extensive bibliographies to the literature, the reader is referred to H. Bethe 
and J. Ashkin, Part II, "Experimental Nuclear Physics," E. Segre, ed., John Wiley 
& Sons, Inc., New York, 1953, and to S. K. Allison and S. D. Warshaw, Revs. Modern 
Phys. 26,779 (1953). 

8c -2. Range -Energy Relations for Heavy Charged Particles. Heavy charged 
particles lose energy principally by inelastic collisions with the electrons of the atoms 
in the stopping material. The average energy loss per centimeter of path length 
is called the stopping power. The stopping power is given by 

_f =^[l„«-l n( l- W - 0.1 
ax mv 2 [ I J 

where z — charge number of the incident particle 

N = number of atoms/cm 3 of the stopping material 
Z = atomic number of the stopping material 
m = electron mass 
v =* velocity of the incident particle 
|8 = v/c, where c = the velocity of light 
/ is the average excitation potential of the atom. / is approximately 10Z ev. 2 

The range of a particle is obtained from the stopping power by integration. The 
range of a particle of charge ze, mass M , and kinetic energy E may be obtained from 
the range of a proton of energy {M P /M)E, where M p is the proton mass, by the 
following relation: 



RzME) =w^ r *\m; e ) 



The tables for energy loss are derived from considerations of collision losses only. 

1 The author is indebted to Prof. Emilio Segre for valuable guidance in the preparation 
of this article. 

2 For experimental values of /, see R. Mather and E. Segre, Phys. Rev. 81, 191 (1951). 
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Table 8c-1. Rate of Energy Loss and Range of Protons in Copper, 

/ = 309.91 ev* 



E, Mev 


— -j-> Mev g _1 cm 2 


R, g cm -2 


4 




4.666 X 10~ 2 


5 


47.05 


6.803 


6 


41.27 


9.078 


8 


33.42 


1.4499 X lO" 1 


10 


28.29 


2.1031 


12 


24.65 


2.8626 


14 


21.92 


3.7248 


16 


19.79 


4.6865 


18 


18.08 


5.7452 


20 


16.67 


6.8985 


22 


15.49 


8.1444 


24 


14.48 


9.4811 


26 


13.61 


1.0907 X 10° 


28 


12.85 


1.2420 


30 


12.19 


1.4019 


35 


10.82 


1.8384 


40 


9.757 


2.3259 


45 


8.913 


2.8628 


50 


8.223 


3.4474 


55 


7.647 


4.0785 


60 


7.160 


4,7547 


65 


6.741 


5.4749 


70 


6.377 


6.2380 


75 


6.057 


7.0430 


80 


5.774 


7.8888 


85 


5.523 


8.7746 


90 


5.296 


9.6994 


95 


5.093 


1.0662 X 10 


100 


4.908 


1 . 1663 


110 


4.585 


1.3773 


120 


4.312 


1.6023 


130 


4.079 


1.8409 


140 


3.877 


2.0925 


150 


3.701 


2.3566 


160 


3.545 


2.6328 


170 


3.407 


2.9206 


180 


3.284 


3.2197 


190 


3.172 


3.5296 


200 


3.072 


3.8500 


225 


2.858 


4.6948 


250 


2.686 


5.5979 


275 


2.545 


6.5548 


300 


2.426. 


7.5615 


325 


2.326 


8.6143 


350 


2.240 


9.7099 


375 


2.166 


1.0845 X 10 2 
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Table 8c-1. Rate of Energy Loss and Range of Protons in Copper, 
J = 309.91 ev* (Continued) 



E, Mev 


— — y Mev g * cm 2 


R, g cm" 2 


400 


2.101 


1.2018 


425 


2.045 


1.3224 


450 


1.994 


1.4463 


475 


1.948 


1.5731 


500 


1.909 


1.7028 


550 


1.840 


1.9698 


600 


1.784 


2.2459 


650 


1.737 


2.5300 


700 


1.698 


2.8212 


750 


1.665 


3.1186 


800 


1.638 


3.4215 


850 


1.613 


3.7294 


900 


1.592 


4.0414 


950 


1.575 


4.3572 


1,000 


1.558 


4.6764 


1,100 


1.533 


5.3235 


1,200 


1.514 


5.9800 


1,300 


1.499 


6.6439 


1,400 


1.488 


7.3134 


1,500 


1.480 


7.9874 


1,600 


1.473 


8.6647 


1,700 


1.469 


9.3445 


1,800 


1.466 


1.0026 X 103 


1,900 


1.464 


1.0709 


2,000 


1.463 


1 . 1393 


2,250 


1.464 


1.3102 


2,500 


1.467 


1.4808 


2,750 


1.473 


1.6508 


3,000 


1.481 


1.8201 


3,250 


1.489 


1.9885 


3,500 


1.497 


2.1560 


3,750 


1.506 


2.3226 


4,000 


1.515 


2.4881 


4,250 


1.524 


2.6526 


4,500 


1.533 


2.8163 


4,570 


1.542 


2.9789 


5,000 


1.551 


3.1407 


5,500 


1.568 


3.4613 


6,000 


1.584 


3.7786 


6,500 


1.600 


4.0926 


7,000 


1.616 


4.4036 


7,500 


1.630 


4.7116 


8,000 


1.644 


5.0170 


8,500 


1.658 


5.3198 


9,000 


1.671 


5.6202 


9,500 


1.683 


5.9182 


10,000 


1.695 


6.2142 



* W. Aron, UCRL-1325. 
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CURVE I - dE /dx x l0 ° (MEV/C'M ) 
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Fig. 8c-1 . Rate of energy loss of protons in air. (Avon, Hoffman, and Williams, AECU 663.) 
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Fig. 8c-3. Rate of energy loss for protons in aluminum. (Aron, Hoffman, and Williams, 
AECU 663.) 
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Fig. 8c-4. Range-energy relation for protons in aluminum (0 to 18 Mev). (Aron, Hoffman, 
and Williams, AECU 663.) 
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Table 8c-2. Rate of Energy Loss and Range of Protons in Silver, 

/ = 470 ev* 



E % Mev 


- ^, Mev g" 1 cm 2 
ax r 


R f g cm" 2 


4 


46.436 


6.260 X 10~ 2 


6 


35.194 


1 . 1263 X 10" 1 


8 


28.682 


1.7597 


10 


24.385 


2.5189 


12 


21.320 


3.3985 


14 


19.024 


4.3935 


16 


17.224 


5.5000 


18 


15.770 


6.7149 


20 


14.569 


8.0356 


22 


13.559 


9.4598 


26 


11.9.50 


1.2610 X 10° 


30 


10.722 


1.6150 


34 


9.7514 


2.0067 


38 


8.9638 


2.4350 


42 


8.3106 


2.8989 


46 


7.7596 


3.3974 


50 


7.2880 


3.9296 


60 


6.3594 


5.4028 


70 


5.6737 


7.0711 


80 


5.1454 


8.9248 


90 


4.7254 


1.0955 X 10 


100 


4.3829 


1.3155 


110 


4.0982 


1.5516 


120 


3.8577 


1.8033 


130 


3.6517 


2.0699 


140 


3.4732 


2.3508 


150 


3.3171 


2.6455 


160 


3 . 1794 


2.9536 


170 


3.0570 


3.2744 


180 


2.9474 


3.6077 


190 


2.8489 


3.9258 


200 


2.7598 


4.3095 


225 


2.5702 


5.2493 


250 


2.4173 


6.2532 


275 


2.2915 


7.3161 


300 


2.1864 


8.4337 


325 


2.0972 


9.6017 


350 


2.0208 


1.0817 X 10 2 


375 


1.9547 


1.2075 


400 


1.8970 


1.3374 


425 


1.8462 


1.4710 


450 


1.8014 


1.6081 


475 


1.7614 


1.7485 


500 


1.7257 


1.8919 


600 


1.6148 


2.4921 


700 


1.5388 


3.1274 
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Table 8c-2. Rate of Energy Loss and Range op Protons in Silver, 

/ - 470 ev* (Continued) 



E, Mev 



800 
900 
1,000 
1,200 
1,400 
1,600 
1,800 
2,000 
2,500 
3,000 
3,500 
4,000 
4,500 
5,000 
6,000 
7,000 
8,000 
9,000 
10,000 



dE 
dx' 



Mev g -1 cm 2 



* W. Aron, UCRL-1325. 
10 s - 



1.4847 

1.4452 

1.4158 

1.3769 

1.3548 

1.3426 

1.3368 

1.3351 

1.3413 

1.3548 

1.3712 

1.3887 

1.4063 

1.4235 

1.4563 

1.4864 

1.5141 

1.5395 

1.5630 



R f g cm -2 



3.7895 

4.4727 

5.1721 

6.6063 

8 0718 

9.5554 

1 . 1049 X 10 3 

1.2546 

1.6285 

1.9995 

2.3664 

2.7287 

3.0865 

3.4399 

4.1343 

4.8139 

5.4804 

6.1353 

6.7799 




10000 



ENERGY IN MEV 

H IQ 1 8c ~ 5, Ran g e -« n ergy relation for protons in aluminum (10 to 10 000 Mev) 
Hoffman, and Williams, AECU 663.) ; ' 



(Aron, 
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Table 8c-3. Rate of Energy Loss and Range of Protons in Lead, 

/ = 810.79 ev* 



E, Mev 


— — -> Mev g _1 cm 2 
ax 


R, g cm" 2 


1 


71.435 


7.90 X 10~ 3 


2 


51.304 


2.505 X 10" 2 


3 


41.418 


4.98 


4 


34.923 


8.1668 


6 


26.940 


1.4752 XIO" 1 


8 


22.176 


2.2981 


10 


19.082 


3.2755 


12 


16.808 


4.3949 


14 


15.073 


5.6537 


16 


13.700 


7.0474 


18 


12.585 


8.5722 


20 


11.659 


1.0225 X 10° 


22 


10.877 


1.2002 


24 


10.206 


1.3901 


26 


9.6238 


1.5921 


28 


9.1136 


1.8057 


30 


8.6622 


2.0309 


35 


7.7317 


2.6431 


40 


7.0065 


3.3234 


45 


6.4252 


4.0696 


50 


5.9480 


4.8791 


55 


5.5483 


5.7502 


60 


5.2081 


6.6809 


65 


4.9148 


7.6697 


70 


4.6592 


8.7151 


75 


4.4343 


9.8156 


80 


4.2348 


1.0970 X 10 


85 


4.0566 


1.2177 


90 


3.8963 


1.3435 


95 


3.7514 


1.4743 


100 


3.6198 


1.6100 


110 


3.3894 


1.8957 


120 


3.1944 


2.1998 


130 


3.0271 


2.5216 


140 


2.8820 


2.8603 


150 


2.7549 


3.2153 


160 


2.6427 


3.5861 


170 


2.5428 


3.9719 


180 


2.4534 


4.3724 


190 


2.3729 


4.7870 


200 


2.3001 


5.2151 


225 


2.1450 


6.3419 


250 


2.0197 


7.5440 


275 


1.9166 


8.8155 


300 


1.8304 


1.0151 X 10 2 


325 


1.7572 


1.1546 


350 


1.6945 


1.2995 


375 


1.6402 


1.4495 



* W, Aron, UCRL-1325. 
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Table 8c-3. Rate of Energy Loss and Range of Protons in Lead, 
J = 810.79 ev (Continued) 



E, Mev 


dE 
— . — y Mev g _1 cm 2 
dx 


R, g cm -2 


400 


1.5928 


1.6042 


425 


1.5511 


1.7633 


450 


1.5143 


1.9265 


475 


1.4815 


2.0934 


500 


1.4522 


2.2639 


550 


1.4022 


2.6145 


600 


1.3613 


2.9766 


650 


1.3274 


3.3487 


700 


1.2992 


3.7295 


750 


1.2753 


4.1180 


800 


1.2551 


4.5133 


850 


1.2379 


4.9145 


900 


1.2231 


5.3209 


950 


1.2104 


5.7319 


1,000 


1.1994 


6.1469 


1,100 


1.1818 


6.9871 


1,200 


1.1686 


7.8383 


1,300 


1.1588 


8.6978 


1,400 


1.1516 


9.5635 


1,500 


1.1464 


1.0434 X 10 3 


1,600 


1.1428 


1.1308 


1,700 


1.1405 


1.2184 


1,800 


1.1392 


1.3061 


1,900 


1.1387 


1.3939 


2,000 


1.1390 


1.4817 


2,250 


1.1417 


1.7010 


2,500 


1.1467 


1.9195 


2,750 


1.1531 


2.1369 


3,000 


1.1604 


2.3531 


3,250 


1.1681 


2.5678 


3,500 


1.1762 


2.7811 


3,750 


1.1844 


2.9929 


4,000 


1.1927 


3.2033 


4,250 


1.2009 


3.4122 


4,500 


1.2091 


3.6196 


4,750 


1.2171 


3.8257 


5,000 


1.2251 


4.0305 


5,500 


1.2405 


4.4360 


6,000 


1.2553 


4.8367 


6,500 


1.2694 


5.2328 


7,000 


1.2830 


5.6245 


7,500 


1.2959 


6.0123 


8,000 


1.3083 


6.3963 


8,500 


1.3202 


6.7767 


9,000 


1.3315 


7.1538 


9,500 


1.3425 


7.5278 


10,000 


1.3529 


7.8988 
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Table 8c-4. Rate of Energy Loss of Protons in Beryllium, Mica, Aluminum, 
Copper, and Gold for Proton Energies from 25 to 2,000 kev* 



Proton 




dE/dx y kev X cm 2 


/mg 




energy, 
kev 


Be 


Mica 
(muscovite) 


Al 


Cu 


Au 


25 


546 










50 


617 




422 


185 


61 


75 


640 




439 


212 


77 


100 


615 


i . . 


416 


221 


87 


150 


521 


... 


366 


225 


90 


200 


468 




334 


222 


91 


250 


433 




314 


212 


90 


300 


405 




293 


202 


86 


350 


381 


312 


279 


190 


84 


400 


360 


286 


268 


183 


81 


450 


342 


266 


258 


175 


79 


500 


325 


250 


250 


169 


76 


550 


311 


236 


241 


162 


74 


600 


298 


224 


233 


156 


72 


650 


284 


214 


224 


151 


70 


700 


272 


204 


217 


146 


68 


750 


266 


196 


210 


141 


66 


800 


251 


189 


202 


138 


64 


850 


241 


182 


196 


133 


62 


900 


232 


176 


190 


129 


60 


950 


223 


171 


183 


127 


58 


1,000 


215 


165 


177 


124 


56 


1,050 


206 


160 


171 


120 


54 


1,100 


198 


154 


165 


117 


52 


1,150 


192 


150 


159 


113 


51 


1,200 


188 


146 


154 


110 


49 


1,250 


182 


143 


148 


108 


48 


1,300 


178 


139 


143 


105 


47 


1,350 


175 


136 


139 


102 


46 


1,400 


171 


133 


135 


100 


45 


1,500 


164 


127 


127 


96 


44 


1,600 


158 


122 


123 


91 


42 


1,700 


152 


117 


120 


88 


42 


1,800 


148 


112 


117 


83 


42 


1,900 


144 


108 


115 


79 


42 


2,000 


139 


102 


112 


75 


42 



* Allison and Warshaw, Revs. Modern Phys. 25, 779 (1953). 
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8c -3. Straggling of Heavy Particles. (AR)e 2 denotes the mean-square fluctuation 
in the range of particles of energy E, i.e., 

(AR)E 2 = l(# 2 )av - (#av) 2 k 

The probability of finding a particle with range between R and R + dR is 



P(R) 



d# = t^ exp - 1 — - dR 



where a 2 = 2(&R)e 2 . More accurate theory shows deviations from the Gaussian 
distribution function given here. (AR)e 2 may be calculated from 

Here ze denotes the charge of the incident particle; N and Z the number of atoms per 
cm 3 and their atomic number, respectively, of the stopping material; and is the 
ratio of the velocity of the incident particle to the velocity of light. 

In Figs. 8c-7 and 8c-8 the per cent range straggling, 100(2v/R), where a = (AR)e 2 , 
is plotted as a function of particle energy for protons, deuterons, and alpha particles 
in copper. The straggling of protons in other elements relative to that in copper is 
estimated in Table 8e-5. 

Table 8c-5. Proton Straggling in Be, Al, Ag, and Pb Relative to Copper 

Ratio of (2a /R) Relative 
Element to That in Cu 

Be .". 0.90 

Al 0.95 

Ag 1.02 

Pb 1.06 

8c -4. Range of Fission Fragments. The ratio of the range of a fission fragment 
to the range of an alpha particle of the same initial velocity v is approximately 



Ra '\ZjJ\nvJ 



where Ai and Z\ are the mass number and atomic number, respectively, of the fission 
fragment. 

8c-6. Coulomb Scattering. The differential cross section for Coulomb scattering 
of a charged particle by a nucleus into the solid angle 2tt sin $ dB is 

_ 0.8139s 2 Z 2 sinflrf0 _ 26 2 
- #Mev 2 sin* 0/2 10 Cm 

where 6 is the angle of scattering from the incident direction, and ze and Ze are the 
charges of the incident particle and the scattering nucleus, respectively. The above 
formula assumes that the mass of the incident particle is small compared with the 
mass of the nucleus. 

8c-6. Energy Loss per Ion Pair. The energy loss of a charged particle per ion pah- 
formed in the material traversed is nearly independent of the energy and type of 
particle. 
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Fig. 8c-7. Range straggling of protons, deuterons, and alpha particles in copper. 

energies from 10 to 100 Mev. (Millbum and Schecter, t/C.RL-2234 rev.) 
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Table 8c-6. Energy Loss per Ion Pair w in ev/ion Pair 



Gas 


w 


Ref. 


H 2 


37.0 ± 0.4 
46.0 ± 0.5* 

36.3 ± 0.4 
32.2 ±0.3 
36.8 

26.4 ± 0.3 
24.1 

21.9 

35.0 ± 0.3 

34.3 

29.4 ± 0.3 

27.5 

28.0 ± 0.3 

26.6 

26.4 ± 0.3 


1 


He.. 


1 


N 2 . 


1 


2 


1 


Ne 


2 


A 


1 


Kr 


2 


Xe 


2 


Air . 


1 


C0 2 


1 


CH 4 


1 




2 


C2H4 


1 
2 


C4H10 


1 



* Extraordinary precautions were used to purify the gas. Small traces of impurity reduce w(He) to 
30 ev/ion pair, the value ordinarily obtained. Older values for neon are about 29 ev/ion pair. 

References 

1. Bortner, T. E., and G. S. Hurst: Phys. Rev. 93, 1236 (1954). Pu 239 alpha particles 
were used. This reference also gives some results with mixtures of gases. 

2. Jesse, W. P., and J. Sadauskis: Phys. Rev. 90, 1120 (1953). Polonium alpha 
particles were used . 

8c-7. Passage of Electrons through Matter. Electrons can lose energy by inelastic 
collisions with the electrons of the stopping material. Above a certain "critical 




ALUMINUM mg/cm 2 

Fig. 8c-9. Characteristic absorption curve of monoenergetic electrons in aluminum. Point 
where the extension of the linear portion of the curve meets the background is called the 
practical range R P . The maximum range Ro is the point where the absorption curve runs 
into the background. 

energy" E n energy loss by radiation in the electric fields of nuclei becomes important. 
The critical energy is dependent on the atomic number Z of the stopping material 
according to the approximate formula 



Ec ^ 



800 Mev 



More accurate values of E c are given in Table 8c-7. 
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Table 8c-7. Critical Energy E c and Radiation Length X 
for Various Substances* 



Substance 


E Ci Mev 


X , g/cm 2 


Hydrogen .......... 


340 
220 
103 

87 

77 

47 

34.5 

24 

21.5 
6.9 

83 

93 


58 


Helium 

Carbon 


85 
42.5 


Nitrogen 


38 


Oxygen 


34.2 


Aluminum 


23.9 


Argon 


19.4 


Iron 


13.8 


Copper 


12.8 


Lead 


5.8 


Air.. ...... 


36.5 


Water 


35.9 







* The data in this table have been taken from E. Segr6, ed., "Experimental Nuclear Physics," p. 266, 
John Wiley & Sons, Inc., New York, 1953. 

An important length is associated with the traversal of matter by electrons above 
E e ; this is the distance in which an electron's energy is reduced to 1/e of its original 
value and is called the "radiation length" Xq. Values of this quantity are also given 
in Table 8c-7. 
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Fig. 8c-10. Range-energy curve for monoenergetic electrons in aluminum. Practical range 
is used. [L. Katz and A. S. Pen/old, Revs. Modern Phy 8. 24, 28 (1952).] 

The range-energy relation for electrons is not strongly dependent on the atomic 
number of the stopping material. Only that for aluminum is given. Monoenergetic 
electrons are absorbed as indicated in Fig. 8c-9, which serves to define the " practical 
range" R p and the "maximum range" R . The practical range, in aluminum, is 
given by 

R p - 412#o n mg/cm 2 n = 1.265 - 0.0954 In #o 
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for 0.01 < E < 2.5 Mev, and by 

R p = 5SOE - 106 mg/cm 2 

for 2.5 Mev < Eq < 20 Mev. A graph of these relations is given in Fig. 8c-10. 

The formulas given above for monoenergetic electrons may be used for continuous 
beta-ray spectra where R p and Eq refer to the maximum beta-ray range and energy, 
respectively. 1 



8d. Decay-energy Systematics of the Heavy Elements 2 



I. PERLMAN AND FRANK ASARO 
University of California 



8d-l. Summary of Decay Energies. Figures 8d-l to 8d-4 summarize total decay 
energies for the four radioactive series. The alpha decay energy obtained by measur- 
ing the energy of the alpha particle leading to the ground state includes the energy of 
the recoil nucleus. The legends indicate the meaning of superscripts and parentheses 
attached to some of the energy values. 

The curve shown in Fig. 8d-5 defines in broad outline the conditions and regions of 
alpha instability. A great deal more is to be learned from a more detailed examina- 
tion of the region where alpha radioactivity is prominent. 

Of great value to the experimentalist is that he is able to predict alpha energies, 
and the agreement between predicted and measured values often serves as a criterion 
for iso topic assignment. A number of systems for correlating alpha decay energies 
have been employed, and that perhaps most widely used is illustrated in Fig. 8d-6. 
Here the isotopes of each element on a mass number vs. energy plot are joined, resulting 
in a family of curves which over a wide region comprise a series of nearly parallel lines. 
It will be noted that in this region (above mass number about 212) alpha energies 
decrease with increasing mass number for each element, i.e., with increasing neutron 
number. The dramatic inversion in the alpha-energy trend around mass number 212 
is a consequence of the major closed shells in this region at 126 neutrons and 82 protons. 

8d-2. Complex Alpha Spectra. Table 8d-2 is a compilation of all alpha-particle 
energies and abundances in the heavy-element region. 

As in other decay processes, the appearance of multiple groups in the alpha-emission 
process may be considered as the result of competition in populating available energy 
levels. Alpha-decay lifetimes are influenced by a number of factors; among these is 

*For a discussion of the methods of determining the range from an absorption curve, 
see L. Katz and A. S. Penfold, Revs. Modern Phys. 24, 28 (1952). 

2 The data used in this compilation were originally drawn from many primary sources. 
Figures 8d-l to 8d-4 are from R. A. Glass, S. G. Thompson, and G. T. Seaborg, Nuclear 
Thermodynamics of the Heaviest Elements, J. Inorganic and Nuclear Chem. 1, 3 (1955). 
Figures 8d-5 to 8d-ll and Table 8d-2 are from Perlman and Asaro, Alpha Radioactivity, 
Ann. Rev. Nuclear Sci. IV (1954). 
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Table 8d-l. Classical and Modern Designations of the 
Heavy Radionuclides* 



Name 



Uranium I 

Uranium X\ 

Uranium Z, uranium X2 

Uranium II 

Ionium 

Radium 

Radon 

Radium A 

Radium B 

Radium C 

Radium C. 

Radium C" 

Radium D (radiolead) . . 

Radium E 

Radium F (polonium) . . 

Radium G 

Thorium 

Meso thorium 1 

Mesothorium 2 

Radiothorium 

Thorium X 

Thoron 

Thorium A 

Thorium B 

Thorium C 

Thorium C" 

Thorium C" 

Thorium D 

Actinouranium 

Uranium Y 

Protoactinium 

Actinium 

Radioactinium 

Actinium K 

Actinium X 

Actinon 

Actinium A 

Actinium B 

Actinium C 

Actinium C 

Actinium C" 

Actinium D 



Classical designation 



Modern designation 



UI 


TJ238 


UIi 


Th 234 


U Z, U X 2 


Pa 234 


UII 


XJ234 


Io 


Th 23 ° 


Ra 


Ra 226 


Rn 


Em 222 


Ra A 


p 218 


Ra B 


p b 214 


Ra C 


Bi 214 


Ra C 


p 214 


RaC" 


^210 


Ra D 


Pb 210 


n&E 


Bi 210 


RaF 


p o 210 


Ra(? 


Pb 210 


Th 


Th 232 


MsThi 


Ra 228 


MsTh 2 


Ac 228 


RdTh 


Th 228 


ThZ 


Ra 224 


Tn 


Em 220 


Th A 


p 216 


Th B 


Pb 212 


ThC 


Bi 212 


Th C" 


p 212 


Th C" 


Tpos 


ThD 


p b 208 


Ac U 


U236 


U Y 


Th 231 


Pa 


Pa 231 


Ac 


Ac 227 


RdAc 


Th 227 


Ac K 


Fa 223 


Acl 


Ra 223 


An 


Em 219 


Ac A 


p 215 


Ac B 


Pb 211 


Ac C 


Bi 211 


Ac C 


Po 2U 


Ac C" 


»PJ207 


Ac D 


Pb 207 



* By F. N. D. Kurie. 
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the sharp dependence of lifetime on decay energy. There are, however, selection 
processes operating which can delay the highest-energy group and cause lower-energy 
groups to be the most prominent. As yet there is no systematic formulation of 
"selection rules" for the alpha-decay process. 




180 

MASS NUMBER 
Fig. 8d-5. Alpha decay-energy profile. Broken-line portion of curve indicates region where 
direct line alpha-decay measurements are absent. Plotted points on segments of crossing 
curves pertain to known alpha emitters of gadolinium and uranium. Half-life guidelines 
indicate positions of applicable lifetimes as a function of mass number. 



9.0- 



-8.0- 



, 6.0- 



°j 5.0- 



3.0- 




228 
MASS NUMBER 
Fig. 8d-6. Alpha decay energy vs. mass number. 

Even-even Alpha Emitters. The decay schemes for two typical even-even alpha 
emitters are shown in Fig. 8d-7. The similarities and differences will be explained 

PRINCIPAL ALPHA GROUPS (THE GROUND STATE AND FIRST EXCITED STATE): With a 

high degree of certainty it can be said that the transition to the ground state is the 
most abundant for this nuclear type. First excited states reached by these alpha 
groups all have spin 2 and even parity (see Fig. 8d-7) and we shall call each the first 
even-spin state or simply the first even state. The alpha population to this state is 
close to theoretical expectations. 
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A summary of the energy spacings between the ground state and .first even state as 
a function of neutron number and proton number is shown in Fig. 8d-8. The points 
divide into families according to atomic number and appear to reach maxima for 
nuclei with 126 neutrons. 

RARE ALPHA GROUPS (HIGHER EVEN STATES AND FIRST ODD STATE): Many of the 

alpha emitters which have lent themselves to detailed analysis have proved to have 
one or more additional groups of lower energy and in low intensity. 

In each case which could be examined in the necessary detail, there was found a 
rare alpha group going to a state which decays by an E2 transition only to the 2 -f- 
state. These states are those designated as 4 + in Fig. 8d-7 and will be known as the 
second even states. From the nature of the gamma-ray transition, the second state 
could be 0+, 2+, or 4-f ; the 4+ assignment is made largely from agreement with 
energy-level spacings predicted by the Bohr-Mottelson theory of rotational states. 

In a few cases, very rare gamma rays have been seen (the alpha groups would be 
below the limits for detection) and are assigned to transitions between the third and 



.228 



242 




253- 
217- 



Fig. 8d-7. Decay schemes of Th 228 and Cm 242 . 



second even states. In the case of Pu 23 * decay, the gamma ray was shown to be in 
comcidence with that between the 4+ and 2+ states. Since the energy of the state 
denned by the gamma ray corresponds closely with expectations if it were the third 
even state (6+) of the Bohr-Mottelson rotational band, it has been so designated (see 
Cm 242 spectrum, Fig. 8d-7). 

In a number of cases, a state believed to be 1 - has entered among the low-lying 
even states. The spectrum for Th 22 * which is typical of this type is shown in Fig 
8d-7. In contrast to the second even state, this state always decays both to the 
first even state and to the ground state. The conversion coefficients of both conform 
with El transitions as do a-y angular correlations made on Th 226 , Th 228 , Th 230 and 
U 230 . The 1 - state has probably been identified in the decay of Ra 222 , Ra 224 Ra 226 
U 232 , and Cm 242 as well as for the four cases just mentioned. From the' fragmentary 
evidence at hand it seems possible that the state has a minimum energy at 136 
neutrons and rises at both lower and higher neutron numbers. 

With respect to the degree of population of the 1 - state in the alpha-decay process 
the data are too few to arrive at any generalizations. In the cases studied, the process 
seems to be competitive with that leading to the 4+ state for comparable energies 

Odd-nucleon Alpha Emitters. The alpha spectra of nuclei having odd nucleons are 
m general considerably more complex than those of even-even nuclei and conse- 
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Table 8d-2. Alpha-particle Energies and Abundances 



Alpha emitter 



Alpha-particle 
energy, Mev 



Relative 
abundances, % 



Type of 
measurement 



Bi<i98 (1.7 min).. 

Bi 198 

Bi 199 

Bi 201 

Bi 203 

Bi 209 

Bi 210 (~10 6 year) 
Bi 211 

Bi 212 



Bi 213 - 
Bi 21 *. 



Po 200 . 

p o 201 

Po 202 . 
Po 204 . 
Po 205 . 
Po 206 . 

Po 207 . 
Po 208 . 
Po 209 . 
Po 210 . 



Po 211 (0.52 sec) . 



Po 211 ?(25 sec). 

Po 212 

Po 213 

Po 214 

Po 215 

Po 216 

Po 217 

Po 218 

At <202 

At <203 

At 203 

At 205 

At 207 

At 203 (1.7 hr).. 



6.2 
5.83 
5.47 
5.15 
4.85 
-3.15 
4.93 
6.272 
6.618 
5.481 
5.603 
5.622 
5.765 
6.047 
6.086 
5.86 
5.444 
5.505 
5.84 



5.70 


5.59 


5.37 


5.2 


5.064 


5.218 


5.10 


5.108 


4.877 


4.5 


5.299 


6.56 


6.88 


7.434 


7.14 


8.776 


8.336 


7.680 


7.365 


6.774 


6.5 


5.998 


6.50 


6.35 


6.10 


5.90 


5.75 


5.65 



16 
84 

0.016 

1.1 

0.15 

1.7 
69.9 
27.2 



55 
45 



4 
96 



Weak 
100 
0.53 
0.50 

99 



ion ch 

ion ch 

ion ch 

ion ch 

range 

range 

ion ch 

spect 

spect 

spect 

spect 

spect 

spect 

spect 

spect 

ion ch 

spect 

spect 

ion ch 

ion ch 

ion ch 

ion ch 

ion ch 

spect 

spect 

ion ch 

spect 

spect 

tt-7 coinc 

spect 

spect 

spect 

range 

ion ch 

spect 

ion ch 

spect 

range 

spect 

ion ch 

spect 

ion ch 

ion ch 

ion ch 

ion ch 

ion ch 

ion ch 
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Table 8d-2. Alpha-particle Energies and Abundances (Continued) 



At 209 . 
At 210 . 



At 211 .. 
At 213 .. 
At 214 .. 
At 215 .. 
At 216 . . 
At 217 .. 
At 218 .. 
At 219 .. 
Em 208 . 
Em 209 . 
Em 210 . 
Em 211 . 



Em 212 . 
Em 2 ". 
Em 218 . 
Em 2 * 7 . 
Em 218 . 

Em 219 . 



Em 220 . 

Em 222 . 
Fr 212 . . 



Fr 217 . 
Fr 218 . 
Fr 219 . 
Fr 220 . 
Fr 221 . 

Ra 213 . 
Ra 219 . 
Ra 220 . 
Ra 221 . 
Ra 222 . 



Alpha emitter 



Alpha-particle 
energy, Mev 



5.65 

5.355 

5.437 

5.519 

5.862 

9.2 

8.78 

8.00 

7.79 

7.02 

6.63 

6.27 

6.138 

6.02 

6.036 

5.605 

5.778 

5.847 

6.262 

8.6 

8.01 

7.74 

6.53 

7.127 

6.214 

6.434 

6.559 

6.824 

5.747 

6.282 

5.486 

6.339 

6.387 

6.409 

8.3 

7.85 

7.30 

6.69 

6.05 

6.30 

6.90 

8.0 

7.43 

6.71 

6.23 

6.554 



Relative 
abundances, % 



37 
31 
32 



~1.5 
67 
33 



Weak 
100 
4 

12 

15 

69 

~0.3 
100 

24 
39 
37 



-25 
-75 



Weak 
100 



Type of 
measurement 



ion ch 

spect 

spect 

spect 

spect 

range 

ion ch 

ion ch 

ion ch 

ion ch 

range 

ion ch 

spect 

ion ch 

spect 

spect 

spect 

spect 

spect 

ion ch 

ion ch 

ion ch 

a-y coinc 

spect 

spect 

spect 

spect 

spect 

spect 

spect 

spect 

spect 

spect 

spect 

range 

ion ch 

ion ch 

ion ch 

ion ch 

ion ch 

ion ch 

ion ch 

ion ch 

ion ch 

a-y coinc 

spect 
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Table 8d-2. Alpha-particle Energies and Abundances (Continued) 





Alpha-particle 


Relative 


Type of 


Alpha emitter 


energy, Mev 


abundances, % 


measurement 


Ra 223 


5.419 
5.487 


3 
2 


spect 




spect 




5.528 


9 


spect 




5.596 


24 


spect 




5.704 


53 


spect 




5.730 


9 


spect 




5.860 


Weak 


spect 


Ra 224 


5.445 
5.681 


5.2 
95 


spect 




spect 


Ra 226 


4.592 
4.777 


5.7 

94 


spect 




spect 


Ac 221 


7.6 

6.96 

6.64 

6.17 

5.80 

4.942 

7.55 

7.13 

6.57 

6.037 

6.100 


0.6 
1.8 


range 


Ac 222 


ion ch 


Ac 223 


ion ch 


Ac 224 . 


ion ch 


Ac 225 


ion ch 


Ac 227 


[spect 


Th 223 


ion ch 


Th 224 


ion ch 


Th 225 


ion ch 


Th 226 . . . . 


spect 




spect 




6.228 


21 


spect 




6.336 


77 


spect 


Th 227 


5.651 
5.704 


~2 

15 


spect 




spect 




5.728 


~1 


spect 




5.749 


17 


spect 




5.796 


2 


spect 




5.860 


4 


spect 




5.922 


~2 


spect 




5.952 


13 


spect 




5.972 


21 


spect 




6.001 


5 


spect 




6.030 


19 


spect 


Xh 228 


5.173 
5.208 


0.2 
0.4 


spect 




spect 




5.338 


28 


spect 




5.421 


71 


spect 


Th 229 


4.85 
4.94 


~70 
~20 


ion ch 




ion ch 




5.02 


—10 


ion ch 


Th 230 


4.437 
4.471 


0.07 
0.2 


spect 




spect 




4.613 


23.4 


spect 




4.682 


76.3 


spect 
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Table 8d-2. Alpha-particle Energies and Abundances (Continued) 



Alpha emitter 


Alpha-particle 
energy, Mev 


Relative 
abundances, % 


Type of 
measurement 


Th 232 ...... 


(3.93) 
3.994 
6.81 
6.46 
5.85 
6.09 
5.69 
4.660 
4.720 
4.838 
4.938 
4.998 
5.015 
5.042 
6.8 
6.67 
6.42 
5.662 
5.819 
5.888 
5.45 
5.132 
5.261 
5.318 
4.731 
4.780 
4.823 
4.59 
4.714 
4.763 
4.20 
4.40 
4.47? 
4.58 
(4.45) 
4.499 
(4.135) 
4.182 
6.28 
5.53 
5.06 
4.77 
6.58 
(6.14) 
6.19 
5.85 


24 
76 

25 
75 

1-3 
11 

3 
25 
23 
23 
11 

0.8 
31 
68 

0.3 
32 
68 

2 
15 
83 

—0.3 
26 
74 

4 
83 
—3 
10 
27 
73 
23 
77 

14 

86 


7 energy 
ion ch 
ion ch 
ion ch 


Pa 226 


Pa 227 


Pa 228 


Pa 229 


ion ch 


Pa 231 


spect 

spect 

spect 

spect 

spect 

spect 

spect 

ion ch 

ion ch 

ion ch 

spect 

spect 

spect 

ion ch 

spect 

spect 

spect 

spect 

spect 

ion ch 


U 227 . .. . 


U 228 .... 


JJ229 


U 230 


u 231 ...:.. 


XJ 2 ^ 2 


u 233 ...;.. . 


U 284 .... 


U 235 .... . 


a-y come 
spect 
ion ch 
ion ch 
ion ch 
ion ch 
ion ch 


U236 


U 238 ...... . . 


7 energy 
ion ch 


Np 2 " 


7 energy 
ion ch 
ion ch 
ion ch 
ion ch 
ion ch 
ion ch 


Np 233 ..... 


Np 235 ... 


Np 237 .... 


Pu 232 . .. 


Pu 234 


Pu 235 ... 


7 energy 
ion ch 
ion ch 
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Table 8d-2. Alpha-particle Energies and Abundances (Continued) 



Alpha emitter 


Alpha-particle 
energy, Mev 


Relative 
abundances, % 


Type of 
measurement 


Pu 236 


(5.71) 
5.75 
5.352 
5.452 
5.495 
5.099 
5.137 
5.150 
5.014 
5.118 
5.162 
4.848 
4,893 
4.854 
4.898 
6.01 
5.75 
5.379 
5.433 
5.476 
5.503 
5.535 
5.171 
5.225 
5.267 
6.50 
6.25 
5.95 
5.697 
6.066 
6.110 
5.634 
5.732 
5.777 
5.985 
5.755 
5.798 
5.6 
6.20 
6.55 
6.72 
5.90 
6.15 
6.33 
5.4 
7.15 


20 
80 

0.1 
28 
72 
11 
20 
69 

0.1 
24 
76 
25 
75 
20 
80 

1.4 
13.6 
84 

0.2 

0.3 
—3 
13 
84 

0.035 
26.3 
73.7 

3 
13 
78 

6 
25 
75 

17 
53 
30 
34 

48 
18 


7 energy 


Pu 238 


ion ch 
spect 


Pu 239 


spect 
spect 
spect 


Pu 240 


spect 
spect 
spect 


Pu 241 


spect 
spect 
spect 


Pu 242 


spect 
spect 


Am 237 


spect 
ion ch 


Am 239 


ion ch 


Am 241 


spect 


\m 243 


spect 
spect 
spect 
spect 
spect 


Cm 238 


spect 
spect 
ion ch 


Cm 240 


ion ch 


Cm 241 


ion ch 


Cm 242 


spect 


Cm 243 


spect 
spect 
spect 


Cm 244 


spect 
spect 
spect 
spect 


Cm 245 


] 
] 

] 
] 
] 


spect 
on ch 


Bk 243 


on ch 


Bk 245 


on ch 
on ch 
on ch 


Bk 249 


Lon ch 
Lon ch 
ion ch 


Cf 244 


Lon ch 
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Table 8d-2. Alpha-particle Energies and Abundances (Continued) 



Alpha emitter 


Alpha-particle 
energy, Mev 


Relative 
abundances, % 


Type of 
measurement 


Cf 246 


6.711 

6.753 

6.26 

5.82 

6.00 

6.04 

6.13 

7.3 

6.62 

7.20 

7.1 


22 

78 

90 
10 


spect 


Cf 248 


spect 
ion ch 


Cf 249 


ion ch 


Cf 250 


ion ch 
ion ch 


Cf 252 


ion ch 


99 247 


ion ch 


99 253 


ion ch 


100 284 


ion ch 


100 255 


ion ch 







ion ch = ion chamber, 
spect = spectrometer. 
a-7 coinc = a-7 coincidence. 
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Fig. 8d-8. First excited-state energies of even-even nuclei in the heavy-element region. 

quently have not been worked out with the same degree of certainty. Some typical 
decay schemes are shown in Fig. 8d-9. It will be noted that in each of the cases 
except that of U 233 the most abundant alpha group does not lead to the ground state 
in sharp contrast with spectra of even-even nuclei. It is seen, however, that there is 
an alpha group in high abundance for each which lies at the bottom of a series of 
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i.233 




~243 



,243 




Fig. 8d-9. Decay schemes of some odd-nucleon alpha emitters. 




4.0 50 6.0 7.0 

EFFECTIVE TOTAL DECAY ENERGY (MEV) 

Fig. 8d-10. Experimental values of log half life vs. effective alpha energy. ("Effective 
alpha energy" includes correction of particle energy for recoil and electron screening.) 

states which looks much like a rotational band of the even-even type. These are 
designated in Fig. 8d-9 by the terms "zero plus the energy above the ground states" 
(in Am 241 , for example, by "zero plus 60"). Other alpha spectra (such as that for 
Th 227 ) are much more complex than those shown in Fig. 8d-9. 

8d-3. Alpha-decay Lifetimes and Theory. It is possible to correlate alpha-decay 
lifetimes empirically and to arrive at systems which can be used to predict half lives. 
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Even-even Alpha Emitters— Ground-state Transitions. Figure 8d-10 shows a plot 
of the half life vs. energy relationship as a family of curves. The curves are denned 
by the experimental half lives and are in this respect empirical. If, however, we were 
to calculate half lives by using the measured alpha energy for each point and assuming 
a function for the nuclear radius, 1.52 X 10 -13 A*, the resulting curves would lie 
close to those of Fig. 8d-10. 

In summary it can be said that the basic one-body theory of alpha decay applied 
to the ground-state transitions of even-even alpha emitters gives a remarkably con- 
sistent picture. When reasonable and consistent assumptions for the values of the 
nuclear radii are used, the theory explains observed half lives which differ by a factor 
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96 



too 



88 90 92 94 96 

ATOMIC NUMBER OF PARENT 
Fig. 8d-ll. Departure factors for alpha groups to the second even-spin state of even-even 
nuclides. 



of 10 24 . It should be pointed out that different formulations of the theory will give 
somewhat different "best values" for the radius parameter, but each is internally 
consistent. It will be noted that some points (e.g., Po 210 , Po 208 , Em 210 , Em 212 ) lie 
off their respective curves. These are the alpha emitters with 126 neutrons or fewer 
which have abnormally long lifetimes. 

Even-even Alpha Emitters — Transitions to Excited States. For any particular case, 
one can calculate the partial half life to any excited state under the assumption that 
the only factor influencing the relative decay rates is the energy function. It is 
found that the populations of the 2 + states are not far from the calculated values. 
There are small but significant departures which do demand explanation by an exten- 
sion of alpha-decay theory. 

The examination of transitions to the 4+ states gives a totally different and unique 
picture. These 4 -f states are populated much more sparsely than would be expected 
on the basis of alpha energy alone. The ratio of measured half life to calculated half 
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life varies considerably and in a more or less regular way with atomic number, as 
shown in Fig. 8d-ll. It is seen that for Cm 242 the second even state is hindered in its 
population by a factor of 400, while for thorium isotopes this factor is of the order of 
10. An explanation for the depressed population of these states and the trend 
observed has been developed in terms of the interaction of the emitted alpha-particle 
wave with the nuclear quadrupole moment. 

Other low-lying states in even-even nuclei have been identified but detailed infor- 
mation is lacking. There is the third even state (6 + ?) which is a member of the well- 
defined rotational band. Also, in a limited region there appear 1 — states which are 
populated roughly to the same extent as the 4+ states in the same region. It is not 
clear what type of nuclear configuration would give rise to such states. 

Odd-nucleon Alpha Emitters. The most obvious question about this category of 
alpha emitters is why the ground-state transition is often highly hindered and why 
the hindrance is so irregular. A satisfactory answer has not been obtained, although 
promising leads have been uncovered. For the four species shown in Fig. 8d-9 
the departure factors for the apparent ground-state transitions are U 233 = 1.4, 
Am 241 = 1,000, Am 243 = 700, Cm 243 > 26. 

These demonstrate the wide range of departure factors for ground-state transitions. 
It should be noted, however, that the alpha groups to the lowest rotational state of a 
given band in each case have departure factors of about unity. 

A point to be disposed of is the effect of spin change. As already pointed out in a 
number of instances, both theoretical and experimental appraisal indicate that the 
lifetime is relatively insensitive to spin change, per se, certainly within the framework 
of reasonable spin changes. Conversely, we know that the ground states of Am 241 and 
Np 237 both have spin -§ yet the transition between these states is hindered 1,000-fold. 



8e. Energy Levels of the Light Nuclei 

T. LAURITSEN 

California Institute of Technology 

F. AJZENBERG-SELOVE 
Boston University 



In the following table are exhibited the excitation energies and principal properties 
of the known energy levels of the light nuclei from mass number 5 to 20, inclusive. 
The following information is tabulated in the columns indicated. 

Column 1. Excitation energy E x of the level, in Mev above the ground state. 
Parentheses enclosing this number indicate that the existence of the level is not clearly 
established. 
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Column 2. Total angular momentum J (in units of h/2ic), parity n, and isotopic 
(or "isobarie ") spin T. Parentheses indicate that the quantity enclosed is uncertain. 
Where the experimental results serve only to limit the choice of / to one of several 
values, all possibilities are indicated. 

Column 3. Width r or lifetime r of the state, the former representing the full 
width, in center-of-mass coordinates, at half-maximum intensity, the latter either 
the half life tj or the mean life r m , as specified. 

Column 4. Observed mode of decay, including y radiation to a lower state of the 
same nucleus, or particle emission. When the level in question has been identified 
as an intermediate state in a nuclear reaction, it is assumed that the bombarding 
particle must also occur as a product, and it is so listed whether observed or not. 
Modes of decay whose occurrence is not clearly established are indicated in parentheses. 

Supplementing the tables are diagrams in which the known levels for each isobarie 
set are plotted to scale. In these diagrams the level positions are indicated by hori- 
zontal lines, located at distances above the ground state proportional to the excitation 
energies. Where space permits, the excitation energies, in Mev, and the values of 
J, n, and T (where known) are indicated. Uncertain values are again enclosed in 
parentheses, and levels whose existence is uncertain are represented by dashed lines. 
Levels which are known to be particularly broad are crosshatched. Crosshatching 
along the right-hand edge of the diagram indicates energy regions which have been 
incompletely explored. Binding energies of various particles are shown at the side 
of the diagrams. 

The level diagrams are grouped in isobarie sets to exhibit the correspondence of 
levels comprising isotopic spin multiplets. The relative positions of the ground 
states in each set have been adjusted to the extent that the first-order electrostatic- 
energy differences and the intrinsic (neutron — hydrogen atom) mass differences 
have been removed, the former calculated from the uniform model according to the 
expression 

B.~O.W Z(Z ~ 1) Mev 

A* 

Levels for which the correspondence seems well established are connected by dashed 
lines. 

The atomic masses used in computing binding energies and ground-state energy 
differences are given in the table in the form of the "mass excess" M — A in Mev. 
The following values were assumed for the lighter particles : 

n l « 8.3638 ± 0.0029 Mev 

H 1 = 7.5815 ± 0.0027 Mev 

H 2 = 13.7203 ± 0.006 Mev 

H3 = 15.8271 ±0.010 Mev 
He 3 = 15.8086 ±0.010 Mev 
He 4 « 3.6066 ± 0.014 Mev 

References to original work have been omitted in the present compilation; such 
references may be found in F. Azenberg and T. Lauritsen, Energy Levels of Light 
Nuclei, V, Revs. Modern Phys. 27, 77 (1955). Similar information on heavier nuclides 
is available in P. M. Endt and J. C. Kluyver, Energy Levels of Light Nuclei (Z = 11 
to Z = 20), Revs. Modern Phys. 26, 95 (1954). An extensive theoretical discussion is 
given in D. R. Inglis, Energy Levels and Structure of Light Nuclei, Revs. Modern 
Phys. 25, 390 (1953). 
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Table 8e-l. Enebgy Levels op the Light Nuclei 



J,JI;T 



Width or lifetime 



Decay 



He 5 : mass excess = 12.92 ± 0.08 Mev 





(2.6) 
16.69 


3_. 1 

f_:f 

3 + . 1 
IS >7Z 


r = 680 ± 200 kev 
(r ~ 5 Mev) 
r ^ 100 kev 


n 
n 
d, n 




P. a 



Fig. 8e-l 
Li 6 : mass excess = 12.99 ± 0.15 Mev 





(2.5) 
16.80 


3_. 1 
¥ > ^ 
1-. 1 

3 + . 1 

3F > S 


r = 1.5 ± 0.5 Mev 
(r ~ 5 Mev) 
r ^ 330 kev 


V 
V 

d, P, y 



He 6 : mass excess = 19.40 ± 0.036 Mev 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 



J,IL;T 



Width or lifetime ' 



Decay 



Li 6 : mass excess = 15.850 ± 0.021 Mev 






l+;0 
3+;0 




Stable 


2.19 


r = 22 kev 


d 


3.57 


(0+; 1) 




y 


4.52 


2+; 


r ~ 600 kev 


d 


5.31 


(1) 


r < 100 kev 




-^5.4 


l+;0 


r ~ 1 Mev 


d 


6.63 


(1) 


r < 100 kev 




7.40 


(0) 


T ~ 1 Mev 




8.37 


(1) 


r < 100 kev 






Be 6 



-20 
a+2p 



Be 6 : mass excess = 20.8 ± 1 Mev 



Not reported: ground state presumably / = + ; T = 1; unstable to decay into 
He 4 + 2p 



He 7 : mass excess = 31.5 ± 2 Mev 



Not reported: if assumed mass excess is correct, the ground state (T = -§) is unstable 
to decay into He 6 + n and He 4 + 3rc 
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Table 8e-l. Energy Levels of the Light Nuclei {Continued) 



E x 



J,U; T 



Width or lifetime 



Decay 



Li 7 : mass excess = 16.969 ± 0.024 Mev 




t. = 0.75 ± 0.25 X 10- 13 sec 



Broad 

r = 150 kev 



Stable 

7 

t, (t) 

(7,0 
(7,0 

n, t 

7, n, (0 
7, n 
7, n 
7, n 
7, n 



I i 

He 7 



I MEV 



96Q 



d 
7245 



2.465 



t,a 



175 



14.0 



12.4 



10.8 



9.5 



7.46 



I 

I 1001 



5/ 2 " 



I 



4.61 



0.477 



«/2~ 



i j7 J* 3 /2* € 

Fig. 8e-3 



716 



4.65 



0.430 



1 

(*5/ 2 -) 



L 

■ 



r>mfm»my>>) 



% 



8.88 



5.600 



1.583 
i /2 - I He 3 ,a 



Be 



7 J«5/g 



Be 7 : mass excess = 17.832 ± 0.024 Mev 






^5-. 1 
S.2 i 2 


ri = 53.4 ± 0.3 days 


Orbital electron capture 


0.430 


1-. 1 

2" » 2- 


(tj = 1.4 X 10" 13 sec) 


7 


4.65 


1 
2 






6.35 


(| + ,l + );^ 


r ~ 1 Mev 


V, He 3 , <y 


7.16 


(<|-);i 


r = 430 kev 


P, He 3 , 7 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 





0.97 
2.28 
3.3 



/,II; T 



Width or lifetime 



Li 8 : mass excess = 23.296 ± 0.028 Mev 



(2 + ); 1 

(<3 + );l 

3 + ; 1 

d + ); l 



rj =■= 0.844 ± 0.005 sec 

r = 37 kev 
r ~ 1 Mev 



Be 8 : mass excess = 7.309 ± 0.027 Mev 






+ ;0 
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2+;0 


(4.2) 


(2 + );0 


(5.4) 


(2 + );0 


7.55 


(0+);0 


10.8 


(4 + );0 


14.7 





16.06 




16.72 


(2 + ; 1) 


17.63 


i + ; (i) 


(17.8) 




18.14 


d + ) 


(18.9) 




19.0 




19.2 


(3 + ; l) 


19.9 


(2+) 


21.5 




22.5 




23.85 





n < 4 X 10-" sec 
r = 1.2 ± 0.3 Mev 



r = 1.2 ± 0.4 Mev 
r = 1.2 ± 0.4 Mev 

r - 470 kev 

r « 150 kev 

r = 10.7 ± 0.5 kev 

r = 80 kev 

r » 150 kev 



r ~ 180 kev 
r ~ 1 Mev 
r ~ 350 kev 
r ~ 450 kev 



Decay 



/8- 
(7) 
n 
n 



(«) 



(«) 
(«) 
(«) 
P> y 
(«) 

P, 7 

p, n 
P, y 
P, n 
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8-62 



NUCLEAR PHYSICS 



t:5.45 



4.502 



2.037 



*fi£ 



2.28 3+ 
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Fig. 8e-4 
Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



B 8 : mass excess = 25.1 ± 0.3 Mev 



No excited states are reported. The ground state (T = 1) decays by positron emis- 
sion (rj = 0.46 ± 0.03 sec) mainly to the 2.90-Mev state of Be 8 . From analogy 
with Li 8 , probably J = 2 + 



Li 9 : mass excess =28.1+1 Mev 



No excited states are reported. The ground state (T = 1) decays by electron emis- 
sion (rj = 0.169 ± 0.003 sec) to neutron-unstable states of Be 9 
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Table 8e-l. Energy Levels of the Light Nuclei {Continued) 



E x 





(1.8) 
2.43 

(3.1) 
4.8 
6.8 
7.9 
11.3 
17.27 
17.47 
(18.3) 
(19.9) 
(21.7) 



J, n; T 



Width or lifetime 



Decay 



Be 9 : mass excess = 14.007 ± 0.028 Mev 



3-. 1 

is > If 
i 

1 
IE 

1 
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1 



r < 3 kev 
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(n) 
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Table 8e-l. Enekgy Levels of the Light Nuclei (Continued) 



E x 



/,n ; r 



Width or lifetime 



Decay 



B 9 : mass excess » 15.076 ± 0.029 Mev 





(1.4) 
2.37 



1 



r < 2 kev 
r ~ 1 Mev 
r < 100 kev 



(P) 



C 9 : mass excess - 32.2 ± 2 Mev 



Not reported: if assumed mass defect is correct, the ground state (T = ?) is stable to 
nucleon decay- 



Be 10 : mass excess = 15.560 ± 0.026 Mev 





3.37 
5.96 
6.18 
6.26 
7.37 
7.54 
9.27 
(9.4) 
17.82 
18.43 



(0 + );l 

2+;l 

1 

1 

1 

3 + ;l 

(2);1 

1 

1 

(2+) 



t^ = 2.7 ± 0.4 X 10 6 years 



r = 23 kev 
r = 7 kev 
r ~ 100 kev 
Broad 



B 1( >: mass excess = 15.004 ± 0.026 Mev 



0" 

7 
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Fig. 8e-6 
Table 8e-l. Energy Levels of the Light Nuclei {Continued) 



E x 



3.58 
4.77 
5.11 
5.16 
5.58 
5.93 
6.06 
6.16 
6.40 
6.58 
(6.77) 
6.89 
(7.01) 
(7.19) 
7.48 
7.56 
8.89 
10.83 



/, n; T 



(2 + );0 
U + ; 0) 
(2~; 0) 
(2 + ; 1) 



Width or lifetime 



Decay 



(i-; 0) 



(2-; 1) 

(0+) 

2+;l 



< 10 kev 

< 10 kev 

< 10 kev 

< 100 kev 

< 10 kev 

< 10 kev 

< 20 kev 



(«) 



(r) 



i ^ iw Kev 

r ~ 30 kev 

(r < 100 kev) 

r = 125 kev 


Pi dy ay y 

ip,d) 

(P, 7i dy a) 

Pi dy oty y 

Pi 7 

Pi n y a, y 

Pi ny (y) 




r = 79 ± 3 kev 
r == 3.6 kev 
r = 36 ± 2 kev 
r ^ 0.5 Mev 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 



J, n; T 



Width or lifetime 



Decay 



C 10 : mass excess = 18.64 ± 0.06 Mev 





3.34 

5.1 



(0 + );l 
1 
1 



r$ = 19.1 ± 0.8 sec 
Broad or unresolved 



0+ 
(7) 



Be 11 : mass excess = 23.4 ± 2 Mev 



Not reported: if assumed mass excess is correct, the ground state (T = -g-) is stable to 
Nucleon emission 



B 11 : mass excess = 11.909 ± 0.022 Mev 
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1 
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10.23 
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1 
2 



< 1 kev 

~ 2.5 kev 

= 4.5 kev 

= 125 + 10 kev 

~ 155 kev 
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7 
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Fig. 8e-7 
Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 


J,n;T 


Width or lifetime 


Decay 


10.61 


1 

1 






11.8 




ct 

(n) 
n, a 
n 

(d, p) 
(d, p) 
d,P 


13.2 

14.0 

(16.6) 

(16.9) 

17.5 


(r = 360 kev) 
Broad 
(Broad) 
(Broad) 
(Broad) 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 





4.43 
7.65 
9.61 



J,IL,T 



Width or lifetime 



C 11 : mass excess = 13.889 ± 0.022 Mev 
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t| = 20.52 ± 0.06 min 



Broad 

T = 230 kev 

r ~ 500 kev 



C 12 : mass excess = 3.542 ± 0.015 Mev 
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B 12 : 


mass excess = 16.912 ± 0.020 Mev 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 
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11.1 

11.74 

12.76 

(13.21) 

(13.36) 

(14.16) 

15.09 

(15.52) 

16.10 

16.57 

17.22 

(17.8) 
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19.25 

(19.7) 

(19.9) 

20.25 

20.49 
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21.33 
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(22.4) 

(22.8) 

(24.3) 

(25.36) 

26.0 

26.4 



J, n; T 
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2+;l 
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(1-, 2+) 

(0+) 

(2+) 



Width or lifetime 



r = 6.0 + 1 kev 
r = 300 kev 
r = 1.20 Mev 
r = 140 kev 
r = 44 kev 
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p> «, 7 
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P> « 
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(7, n) 
(7, n) 
(7, «) 
(d,p) 
d, (n), v 
d,p 



N 12 : mass excess = 21.2+0.1 Mev 



No excited states are reported. The ground state (T = 1) decays by positron emis- 
sion (tj = 0.0125 + 0.001 sec) to the ground state and to «-unstable states of C 12 . 
From analogy with B 12 , probably / = 1 + 



B 13 : mass excess = 19+2 Mev 



Not reported: if the assumed mass excess is correct, the ground state (T = 2) is 
stable with respect to nucleon emission 



C 13 : mass excess = 6.958 + 0.013 Mev 
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Table 8e-l. Enebgy Levels of the Light Nuclei (Continued) 



E x 
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(8.35) 
(8.55) 
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i 
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n 
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a t n 
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N 13 : mass excess = 9.179 ± 0.013 Mev 




r* = 10.05 ± 0.03 min 
r = 35 ± 1 kev 
r - 67 ± 7 kev 
r = 61 kev 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 



J, n; T 



Width or lifetime 



Decay 





C 14 


: mass excess = 7.153 ± 0.010 Mev 



6.09 


+ ;l 
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(0");l 
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N 14 : mass excess *= 6.998 ± 0.010 Mev 
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Fig. 8e-10 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 


J,U;T 


Width or lifetime 


Decay 


8.06 


i-;i 


r = 30.2 kev 


P> 7 


8.62 


0+ 


r = 5.6 ± 2 kev 


P, y 


8.70 


0~;1 


T = 470 kev 


V, y 


8.90 


3~ 


r = 19 kev 


P, y 


8.98 


1+ 


r = 6.5 kev 


P, y 


9.18 


(2~; l) 


r = 2.0 ± 0.2 kev 


p* y 


9.49 


(1,2) 


r = 42 + 3 kev 


p, y 


10 43 






Pi y 


11.05 




r = 90 kev 
r = 26 kev 
r = 19 kev 
r = 170 kev 
r = 140 kev 
r = 28 kev 
r = 4.7 kev 
r = 17 kev 
r = 120 kev 
r = 90 kev 
r ~ 200 kev 
r a 43 ± 4 kev 


d, n, p 
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d, p 
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a, n, p f d 
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a, w, p, d 
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r = 36 + 5 kev 
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r - 50 ± 5 kev 
r * 14 ± 4 kev 


a, p 
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3~ 


7, n, p, d 


12.79 


4+ 


r - 14 ± 4 kev 


a t n, p t d 


12.82 


4~ 


r = 5 ± 2 kev 


a, p, d 


12.92 


4+ 


r = 21 ± 4 kev 


a, p, d 


13 16 




Sharp 
Broad 
Broad 


a, n, p 


13.24 




a i n ) p 


13 72 




a, n f p 









O 14 : mass excess = 12.168 ± 0.015 Mev 




rj = 72.1 ± 0.4 sec 
Broad and /or unresolved 



C 15 : mass excess = 13.17 ± 0.06 Mev 



No excited states are reported. The ground state (T = -|) decays by electron emis- 
sion (tj = 2.4 ± 0.3 sec) to the ground state and to one or both of the 5.3-Mev states 
of N 15 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 



J, II; T 



Width or lifetime 



Decay 



N 15 : mass excess = 4.528 ± 0.011 Mev 
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* Numerous levels are reported to exist in the range Ex - 13.4 to 19.0 Mev, but their locations are 
not well established. 



ENERGY LEVELS OF THE LIGHT NUCLEI 



8-75 




Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 



J,IL;T 



Width or lifetime 



Decay 



O 15 : mass excess = 7.233 ± 0.012 Mev 
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v> y 


8.34 


(<f~) 


1 


r = 4.5 ± 1 kev 


P) y 


8.79 


V 


l 


r = 47 ± 20 kev 


Vt y 


8.98 


(!-) 


l 
2 


r = 10 ± 3 kev 


Vj y 


9.04 


(<#-), 


1 
3" 


r = 6.5 ± 1.5 kev 


Vj y 


9.55 




r = 13 ± 4 kev 


v> y 


9.67 


l 


r = 10 ± 3 kev 


v, y 


9.8 


1+ 3 + . 1 


r =» 1.20 ± 0.05 Mev 


v> y 


11.95 


1 


Broad 


V* a 


12.3 


1 

2- 


Broad 


V> a 


12.6 


1 


Broad 


Vi a 


13.09 


1 


Broad 


V, oi 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 


J,H;T 


Width or lifetime 


Decay 




N 1 


': mass excess = 10.40 ± 0.03 Mev 





(2-); 1 


r\ = 7.37 ± 0.04 sec 


(3- 


0.113 






M 
M 
M 

V 


0.300 






0.391 






12.35 




r ~ 400 kev 


O 16 : mass excess = 





+ ;0 




Stable 


6.06 


+ ;0 


r\ = 5.0 ± 0.5 X- 10"" sec 


7T 


6.14 


3";0 


10" 11 > r| > 5 X 10~ 12 sec 


7 


6.91 


2+;0 


r h < 1.2 X 10"" sec 


y 


7.12 


l-;0 


r h < 8 X 10~ 15 sec 


y 


(8.6) 









9.58 


l-;0 


r = 650 kev 


a. 


9.84 


2+;0 


r = 0.8 kev 


a 


10.36 


4+;0 


r = 27 kev 


a 


(11.10) 





r = 8 kev 


(«) 


11.25 


+ ;0 


r = 2.5 Mev 


OL 


11.51 


2+;0 


r = 80 kev 


a 


11.62 


3~;0 


T = 1.2 Mev 


OL 


12.43 


(0 + , 1");0 


r = 88 kev 


Vi a 


12.51 


2- 


r = 0.8 kev 


p, a 


12.95 


2" 


r - 2.1 kev 


Vi a 


13.09 


i-; (i) 


r ~ 140 kev 


v, «» y 
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«*" &Am«M 



d: 10.47 



a: 10.11 



v$8wfd 



2.49 
n 



gr-22 

1 161^2-) (0+r) , 
3; 



21.9 



i 

% 25.006 

r 



20.7 



19.3 



1 



|gfll|8 



"hS*! 



J 
1 




^ UU0 

I n 



^10.0 



1 



»iubHS 






.1 




12.110 



L._l 

F 16 -i.i 



7149 
a 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 


J, H; T 


Width or lifetime 


Decay 


13.24 
13.65 
16.02 


4+ 
1 + , 2- 


r = 21 kev 
r ~ 140 kev 
r = 22 ± 8 kev 


p, a 

P, « 

7, n 


16 4 




y, n 


16 7 






7, n, (a) 


(16.85) 
16 9 






7, n 






7, n 


17 1 






7, n, (a) 


(17.44) 

(17.54) 

17 72 






7, n 






7, n 




r ~ 20 kev 


7, n 


(17.88) 
(18.48) 

18.9 

19.3 

20.7 

21.9 




7, n 






7, n 






7, n 






7, n 






7, n 






7, n 










F 


16 : mass excess = 15.9 ± 1 Mev 





Not reported: if the assumed mass excess is correct, the ground state (T = 1) is 
unstable with respect to proton emission by 1.1 Mev. By analogy with N 16 , the 
ground state J is probably 2~ 



N 17 : mass excess = 13.0 ± 0.2 Mev 



No excited states are reported. The ground state (T = |) decays by electron emis- 
sion (r$ = 4.14 ± 0.04 sec) to one or more excited states of O 17 which are neutron 
unstable. Whether transitions occur to bound states of O 17 is not known 



O 17 : mass excess = 4.221 ± 0.006 Mev 






Stable 


r m = 2.5 ± 1 X 10" 10 sec 


7 




(7) 




(7) 


r = 42 kev 


n 


r = 95 kev 


n 


r = 8 ± 6 kev 




r = 33 kev 


n 


r < 7 kev 


n 


r < 10 kev 


n 


r = 28 kev 


n 


r = 110 kev 


n 


r = 20 ± 11 kev 




r ~ 3 kev 


a 
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1 13.965 



740 






3.86 lA , ** (7gl 



3.10 



0/£) 



Q£L 



l/2 + 



5.798 



0.594 



p!7 



~^Wz)+ 



E x 



Table 8e-l. Energy Levels op the Light Nuclei {Continued) 



7.37 
7:6 
8.27 
8.38 



J, H: T 



8.46 




(8.59) 




8.87 




9.06 




9.5 




(9.7) 




(10.2) 




(10.5) 




(10.6)* 





3 + . 1 

¥ > ¥ 
3-. 1 
IE > V 
1-. 1 

1 

1 
¥ 

l 

1 
l 
1 
l 
l 
l 
1 



Width or lifetime 



r = 210 kev 
r = 750 kev 
r = 260 kev 



Decay 



, n 
n 
n 



n 
n 
n 

n 
n 
n 




F 17 : mass excess = 6.988 *t 0.005 Mev 



tj = 66.0 ± 1 sec 



= 18.7 kev 

< 3.3 kev 
~ 400 kev 
- 300 kev 

< 25 kev 
= 190 kev 

< 25 kev 

< 25 kev 

< 25 kev 

< 25 kev 
= 140 kev 

< 25 kev 

< 25 kev 

< 25 kev 



* Twelve or more levels may exist in the range 10.6 to 12.8 Mev. 



7 

V 

V, 7 
V 
V 

(p) 

V 

(V) 

V 

V 

V 

V 

V 

V 

V 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 



J, n; T 



Width or lifetime 



O 18 : mass excess - 4.522 ± 0.022 Mev 



Decay 





1.98 
(2.45) 



+ ; 1 

1 
1 



F 18 : mass excess = 6.193 ± 0.021 Mev 



Stable 

(y) 

(y) 






d + );0 


t^ = 112 ± 1 min 


+ 


1 05 


(0) 
(0) 
(0) 
(0) 
(0) 
(0) 
(0) 




Y 


1 83 




(y) 


2 20 




(y) 


2 61 




(y) 


3 23 




(y) 


3 92 




(y) 


4.42 






5.01 


(0) 






5.60 \ 
5.67 J 


(0) 


T < 1.2 kev 


a, y 


T < 0.8 kev 


a, y 


6.69 




r « 27 ± 4 kev 


a, p 


6.85 




T = 93 ± 8 kev 


a, p 


(7.1) 




T ~ 460 kev 


(«, v) 


(7.7) 
8 






( a > v) 






a 


8 5 






a 


9 






d, p 


9 5 






d, p 


9.8 




Broad 


d, p 


10.1 




Broad 


d, p 


10.5 




Broad 


d, p 


10.8* 




Broad 


d, p 



* Six additional levels are reported below 11.1 Mev. 



8.063 



6.238 



1.982 
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9.159 



7.527 
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4.412 



-m. 
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2.61 
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Fig. 8e-14 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 



J, n; T 



Width or lifetime 



Decay 



Ne 18 : mass excess = 10.4 ± 0.2 Mev 



No excited states are reported. The ground state (T = 1) decays by positron emis- 
sion (t$ = 1.6 ± 0.2 sec) to the ground state of F 18 



O 19 : mass excess = 8.930 ± 0.024 Mev 






F 1 * 


: mass excess = 4.149 ± 0.014 Mev 





2^ y "2~ 




Stable 

7 


0.110 


1-, 1 
¥ y ¥ 


T m = 1.0 ± 0.25 X 10~ 9 sec 


0.197 

(0.9) 


5+. 1 

1 

C 2 ) y ? 
1 
"2~ 
1 

1 

1 

1 
IS 

1 


r m = 1.0 ± 0.2 X 10~ 7 sec 


7 
(7) 


1.35 




1.57 




7 


(2.2) 




7 

(7) 
(7) 
(7) 


2.82 




3.94 




4.06 
4.41 
4.48 




4.59 


1 
"2" 






4.76 


1 






(5.2) 


1 






(5.5) 


1 






8.56 


(1) 


r ~ 25 kev 


Pi <x 
Pt OL 


8.76 


<*)■ 


r ~ 45 kev 


10.47 




r = 38 ± 2 kev 


p, n 


10.54 






10.59 


T = 33 ± 5 kev 


Pi n 
Pi n 


10.84 


3 


r = 57 ± 2 kev 


Pi n 


10.96 


(1) 


r = 43 ± 10 kev 


Pi n 


11.05 


3 


T = 62 ± 2 kev 


Pi n 


11.16 


(i) 


T = 43 ± 2 kev 


Pi to 


11.27 






11.37 


r = 80 ± 20 kev 


Pi to 


11.51 








12.0 




Pi to 


12.8 




Pi to 


13.3 




Pi to 


13.8 






14.3 




Pi to 


15.3 




Pi to 






y, n 
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Table 8e-l. Energy Levels of the Light Nuclei {Continued) 



E x 



J, n; T 



Width or lifetime 



Decay 



Ne 19 : mass excess == 7.405 ± 0.014 Mev 





0.255 

0.289 



f 1 +\> 1 



1 



+ 
(7) 

(t) 



O 20 : mass excess = 13.3 + 2 Mev 



Not reported: if the assumed mass excess is correct, the ground state (T = 2) 
stable with respect to nucleon emission 





0.65 
0.83 
0.99 
1.06 
1.31 
1.97 
2.05 
2.20 
(2.55) 
2.87 
2.97 
3.49 
3.53 
3.59 
3.68 
3.96 
4.08 
4.28 
4.31 
(5.06) 
6.63 
6.65 
6.70 
6.86 
6.92 
7.00 
7.08 
7.17 
7.34 
7.39 
7.44 
7.50 
7.78 



F 20 : mass excess = 5.913 ± 0.016 Mev 



(1 + ) 



r\ = 11.4 ± 1 sec 



T = 3 kev 
r = 5 kev 
r = 15 kev 
r = 28 kev 
r ~ 200 kev 
r = 24 kev 
r = 33 kev 
T = 28 kev 



0" 

(t) 

(t) 

(t) 

(t) 

(t) 

(t) 

(t) 

(t) 

(y) 

(y) 

M 

(y) 

(y) 

(y) 

(y) 

(y) 

(y) 

(y) 

(y) 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 


J, n; T 


Width or lifetime 


Decay 


8.18 


1 
1 




n 


8.54 




n 


(10.7) 
(11.2) 




(n, ol) 




(n, a) 







Ne 20 : mass excess = -1.139 ± 0.019 Mev 






(0 + );0 
2+;0 




Stable 


1.63 




7 


(2.2) 
4.36 







(t) 







(t) 


5.4 







6.74 


+ ;0 


T = 19 kev 


a. 


7.18 


3~;0 


T = 8 kev 


a. 


7.22 


0+;0 


r = 4 kev 


a. 


7.45 


2+; 


T = 8 kev 


a. 


7.85 


2+;0 


r = 3 kev 


<x 


9 3 


(i-);0 

(I") 




(T, «) 
(t> q; ) 


10 




11 69 




T 


11 87 






T 


13.08 




r = 0.95 kev 


P> a 


13.19 


1+ 


r = 2.8 kev 


P, OL 


13.33 




r = 2.1 kev 


V, <* 


13.44 


(2") 


r = 35 kev 


p, a 


13.51 


1+ 


r = 7.1 kev 


V) a ) y 


13.55 




r = 35 kev 


p, a 


13.61 




r ~ 10 kev 


P, « 


13.66 




r ~ 7.9 kev 


p, a 


13.67 


+ 


r = 28 kev 


p, a 


13.70 


2" 


r = 5.0 kev 


p, a 


13.73 




r = 4.5 kev 


Pi « 


13.76 


1+ 


r = 7.6 kev 


p, a 


13.91 




r < 1.2 kev 


V, <*, 7 


13.93 




r ~ 60 kev 


p, CL 


13.95 




r = 3.5 kev 


p, OL 


13.99 




r ~ 130 kev 


p, a 


14.04 




r = 70 kev 


P, ■« 


14.10 


(3 + ) 


r = 18.2 ke^v 


p, a 


14.13 




r = 3.8 kev 


p, y 


14.16 


2- 


r = 4.3 kev 


p, OL 


14.17 


(2 + ) 


r = 35 kev 


P, ol 


14.18 


2" 


r = 14.2 kev 


P, OL 


14.23 


1+ 


r = 14.9 kev 


P, y 


14.41 




T ^ 5 kev 


p 


14.47 




T = 29 kev 


Pi OL 


14.50 


+ 


T = 135 kev 


Pi OL 
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Table 8e-l. Energy Levels of the Light Nuclei (Continued) 



E x 



14.64 

14.71 

14.80 

14.89 

15.07 

15.08 

15.25 

15.34 

15.37 

15.53 

15.74 

15.90 

16.19 

16.59 

16.67 

16.95 

17.11 

17.14 

17.21 

17.26 

17.35 

17.41 

17.61 

17.69 

17.81 

18.01 

18.36 

18.65 

19.02 



J, II; T 



4+ 
2 + 
+ 



Width or lifetime 



= 127 kev 
= 14 kev 
= 57 kev 

< 80 kev 
= 80 kev 

< 80 kev 
= 28 kev 

r ~ 300 kev 
r = 85 kev 
= 57 kev 
« 28 kev 
= 76 kev 
= 38 kev 
= 28 kev 
= 105 kev 
= 43 kev 
76 kev 
= 24 kev 
= 24 kev 
= 57 kev 
= 24 kev 
« 38 kev 
19 kev 
= 28 kev 
= 66 kev 



r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 
r 



Na 20 : mass excess = 14.2 ± 0.5 Mev 



Decay 
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No excited states are reported. The ground state (T = 1) decays by positron emis- 
sion (tj = 0.38 + 0.01 sec) to a-unstable states of Ne 20 ^ 



8f. Gamma Rays 

J. M. CORK 

University of Michigan 



8f-l. Absorption of Gamma Rays. A beam of gamma rays on passing through 
matter is reduced in intensity exponentially. If 7 is the intensity of the incident 
radiation the intensity I after passing through a finite layer of material, whose thick- 
ness is x, is given by 

/ = h e'c* 

t where fx is the total absorption coefficient of the material. It is a function of the 
energy of the gamma rays and may be thought of as being the sum of a number of 
partial coefficients representing various processes of absorption. 

It is customary to represent the probability of an absorption process by a cross 
section <r which is proportional to the absorption coefficient. 

The total cross section may be regarded as the sum of the cross sections for each of 
the various processes by which the intensity of the beam of gamma rays is reduced. 
These processes are 

1. Photoelectric effect 

2. Compton scattering 

3. Pair production 

4. Nuclear photodisintegration 

5. Elastic scattering 

8f-2. The Photoelectric Effect. A photon of sufficiently high energy may give up 
its entire energy to an orbital electron. In this event the kinetic energy of the elec- 
tron We is the difference between the gamma energy W y and the work function P of 
the electron, so that 

W e - Wy ~ P 

Absorption due to the photoelectric effect is greater the more tightly the electron is 
bound; hence it is more important for a K electron of the heavy elements. For these 
elements and radiation of low energy the photoelectric effect accounts for most of 
the absorption. 

For energies up to 0.5 Mev, in light elements, Heitler has developed an expression 
for the cross section <r K for the two K electrons which may be expressed as 

aK = Wyl Cm2 

where C is a calculable constant, approximately 10~ 33 , Z is the atomic number, and 
W y is the gamma energy in Mev. More detailed developments capable of being 
extended to the heavy elements and for higher energies have been made. 
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For very high energies, when W y » 0.51 Mev, the cross section is mainly given by 

1.41(10)- 33 Z 6 2 

Values for the cross sections for K electrons in representative elements Be, Al, Cu, 
Ag, and Pb are shown graphically in Fig. 8f-l. 

To obtain the contribution to the absorption coefficient due to the photoelectric 
effect it is necessary to consider not only the K, but also the L and M electrons. 




10^* I ' ' ' "'"I i » ' """ » » ' "Mil i i nnul I I I llllll 

.10 LO 10 100 1000 

Mev 
Fig. 8f-l. Photoelectric K electron cross sections as a function of gamma energy, in various 
elements. 

Latyshev has reported that in heavy elements the total additional cross section due to 
all L electrons is about one-fifth that of the K electrons. In addition, the contribution 
due to all M electrons is estimated at one-twentieth that of the K electrons, so that 
the total photoelectric cross section per atom <r p is about five-fourths of <r K . For 
lighter elements the effect of the outer electronic shells is less, and <r p ^ (sVtf- 

8f-3. The Compton Effect. A photon of energy W y , incident upon a loosely bound 
electron, may suffer an inelastic collision. The electron will recoil with some of the 
energy W e leaving the scattered photon with a lower energy (W y — W e ). 



GAMMA RAYS 8-89 

The kinetic energy of the electron W e recoiling at an angle is equal in Mev to 
W - 1-02TT 7 cos 2 <j> 

6 (Wy + 0.51)2 - Wy* COS 2 

The photon is scattered at an angle 0, which is related to <f> by the relation 

0.51 cot 0/2 



tan <f> a= 



IF 7 + 0.51 



Compton scattering is particularly important in the lighter elements for energies 
up to a few Mev. The cross section <r c for this scattering process per electron was 
first formulated by Klein and Nishina with the result which is shown graphically in 
Fig. 8f-2. Many experiments made at intermediate energies in elements of low 



kt» 




Mev 



1000 



Fig. 8f-2. Cross section per electron for Compton scattering as a function of gamma energy. 

atomic number, where corrections for the photoelectric effect and pair production are 
small, have confirmed the validity of this relationship. 

8f-4. Pair Production. Following the discovery of the positron by Anderson 
several theoretical papers appeared dealing with the annihilation of a photon in the 
field of a nucleus. The energy of the photon W y in excess of that needed for the 
creation of the electron pair (2m c 2 - 1.02 Mev) appears as the kinetic energy of 
the two particles. 

The differential cross section for the production of a pair of positive and negative 
electrons by a gamma ray has been computed by Bethe and Heitler. For inter- 
mediate energies, with no screening, this cross section is 

<r pp - 5.793Z 2 (3.11 log S.92W y - 8.07)10" 2 8 cm 2 

For the three elements Al, Ag, and Pb the cross sections are shown graphicallv in 
Fig. 8f-3. J 

At very high energies the screening cannot be neglected, and in this case the total 
cross section has been expressed as 

<r PP = 5.793Z 2 (3.11 log 183Z~* - 0.074) 10~ 28 cm 2 
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This value for a particular Z is independent of the energy of the photon. Hence it 
can give only the upper asymptotes for the curves shown in Fig. 8f-3. 

It is possible for a photon to produce pairs in the field of an electron. For an ele- 
ment such as aluminum with its 13 electrons the distribution with energy is shown in 
the lower dashed curve of Fig. 8f-3. It is apparent that the electronic effect is small 
compared with that due to the nucleus. 

8f-5. Nuclear Photodisintegration. For photon energies, above the binding energy 
of the neutron, interactions may occur in which the neutron is ejected from the 
nucleus at the expense of the energy of the photon. The effect was first observed by 




i ■ « * 

10000 

Fig. 8f-3. Cross section for pair production in Ai, Ag, and Pb as a function of gamma energy. 
The dashed curve shows the contribution due to the electrons alone m Al. 

Chadwick and Goldhaber in deuterium, which has a low threshold of only 2.224 Mev. 
For heavier elements energies of 10 Mev are required, and many observations of the 
effect have been made. The cross section for the effect is small, even at energies 
well above the binding energy of the neutron. It increases to a maximum at energies 
two to four times the binding energy of the neutron and then decreases for increasingly 
higher energies. This decrease is due to the introduction of competing decay proc- 
esses at the higher energies, such as ( 7 ,2n) and (y,np) interactions. 

Below 30 Mev the interaction is assumed to be by dipole absorption. In general, 
for elements heavier than Be the value of the cross section is peaked between 15 and 
25 Mev with a resonance width from 5 to 6 Mev. Empirically, the maximum cross 
section occurs at an energy W m given by 



W m ^ 37A- 



Mev 



where A is the atomic mass of the nucleus. 
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The results of Montalbetti et al. 1 for Al, Ag, and Pb are shown in Fig. 8f-4. The 
values of the maximum cross sections are not in very good agreement with theory 
especially for Pb. 

8f -6. Elastic Scattering. Some contributions to the loss in intensity of a photon 
beam traversing matter are effected by "elastic" scattering. In this process the 
direction of the incident photon is altered with no change in its energy. The phe- 
nomenon is sometimes referred to as the Delbruck effect because of an early suggestion 




Mev 



Krtz^atd GMbergT 011 ^ ^^ photodisintegration in M ' A &> and p B. (Montalbetti, 



regarding the possibility of the scattering of a photon by a Coulomb field. It now 
appears that this may be accomplished by any of the following processes: 

1. Thomson scattering by nucleus 

2. Rayleigh scattering by bound electrons 

3. Nuclear resonance scattering 

4. Potential scattering by virtual pair production 

The magnitude of each of these effects is small compared with that due to Compton 
scattering. Rayleigh scattering dominates at small angles and is due to the coherent 
scattering by the electrons. In the Thomson effect the nucleus vibrates under the 
action of the photon and reemits the same frequency. Nuclear resonance scattering 

1 Montalbetti, Katz, and Goldberg, Phys. Rev. 91, 659 (1953). 
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occurs within the nucleus by the excitation to an excited virtual level by the absorption 
of the photon, followed by reemission. The probability of encountering this phe- 
nomenon is not large. 

By observing only those scattered photons whose energies are unchanged, through 
the use of a pulse-height analyzer, experimental values have been obtained for the 
over-all effect as a function of angle. These experimental points 1 for lead, for a photon 
energy of 1.33 Mev, are shown graphically in Fig. 8f-5. The experimental values 
are smaller than those expected from calculations for the combined Rayleigh and 
Thomson effects alone. 




60* 90° 120* 150* 180° 

SCATTERING ANGLE 

Fig. 8f-5. Cross section for the elastic scattering of photons. 

A possible explanation of this discrepancy is to postulate the existence of some 
additional effect which is out of phase with the Rayleigh scattering. Such an effect 
might be the formation of a virtual electron pair which is annihilated with reemission 
of the incident energy at some angle other than the original. In combining computed 
values of this potential scattering with the Rayleigh and Thomson effects, the heavy 
curve of Fig. 8f-5 is obtained. The experimental points of Wilson show fair agree- 
ment with this curve. 

8f-7. Total Absorption of Gamma Radiation. The total cross section for the loss 
of a gamma photon from the incident beam per atom of absorber is the sum of the 
individual cross sections, so that 

1 R. R. Wilson, Phys. Rev. 90, 720 (1953). 
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^total — <Tp -j- (jq -J- Q- l , 

(Photoelectric) (Compton, n£ r (Photodisintgration ) (Elastic 

production) scattering) 

At low energy where the photoelectric effect predominates, . varies approximately 
as Z while at high energies, where pair production is the principal factor, it varies 
as Z . In general, the cross section at low energies is large and decreases to a mini- 
mum value as the energy increases. Beyond this minimum it rises steadily with 
increasing energy, because of pair production. 

The calculated values for the absorption coefficient in Al, Cu, and Pb are shown 
graphically m Fig. 8f-6. It is apparent that minimum absorption occurs in these 
elements at 25, 10, and 3 Mev, respectively. 




Mev 



andPb" 6 ' T ° tal lhlear abs ° rption c <> e fK<nent as a function of gamma energy for Al, Cu, 

Many experiments on the over-all absorption coefficients of various elements for 
monoenergetic gamma rays have been made. The accuracy is dependent among 
other things on the use of an ideal geometry in which the absorber is remote from the 
Z1T' V° n dltl ° n J tha i » often overlooked. Conclusions from the experimental 
data have been varied. In some cases the experimental results appear to be in close 

ZLTllvfoTih 7 ' T^T K° thei reP ° rtS conside -W e disagreement exists, 
especially for the heavy elements. For energies of 17.6, 88, and 280 Mev the experi- 
mental values have been reported to be less than the theoretical by about 10 per cent 
«n lead and uranium, and by 3 per cent in tin. In aluminum and beryllium the 
Experimental value is larger than the theoretical calculation. The deviation has been 
Expressed 1 as a linear function of Z i . 

! 8f-8. Angular Correlation and Polarization of Gamma Rays. When an unstable 
^ucleus emits in succession two radiations, there is the possibility that the directions 
)i emission are not randomly distributed with respect to each other but that a certain 
misotropy or correlation exists. Further a correlation may exist between the direc- 
tion of propagation of one quantum and the polarization of a second emitted quantum. 
1 J. L. Lawson, Phys. Rev., 76, 433 (1949). 
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Table 8f-l. Gamma Rays Accompanying Neutron Capture 



Element 



I H... 
4 Be... 
6C. . . 

7N... 
9 F. . . 

II Na. 

12 Mg. 

13 Al... 



14 Si. 

15 P.. 

16 S.. 

17 CI. 

19 K. 



20 Ca. 

21 Sc 

22 Ti. 

23 V.. 

24 Cr. 



25 Mn. 



26 Fe. 



27 Co. 



Source 



H 2 

Be metal 

Graphite 

Be 3 N 2 

C 2 F 4 

NaF 

Metal 

Metal 



Metal 
Metal 

RedP 



CeCU 

C2CI6 
K 2 C0 3 

KF 

CaO 

Metal 

ScO 

ScO 

Ti0 2 

Ti0 2 
V2O5 

Metal 
Metal 

Metal 
Mn0 2 

Metal 
Metal 

Metal 
Metal 



Oxide 



Gamma energies, Mev 



2.23 

3.41, 6.81 

3.68, 4.95 

10.82, 9.16, 8.28, 7.36, 7.16, 6.32, 5.55, 5.29, 4.48 

6.63 

6.41, 5.61, 5.13, 3.96, 3.85, 3.60, 3.56 

9.26, 8.16, 7.37, 7.15, 6.75, 6.39, 5.73, 5.50, 5.05, 3.92, 
3.45, 2.83 

7.72, 7.34, 6.98, 6.77, 6.61, 6.50, 6.33, 6.22, 6.13, 6.01, 
5.89, 5.78, 5.60, 5.41, 5.32, 5.21, 4.94, 4.79, 4.66, 4.45, 
4.29, 4.16, 4.06, 3.88, 3.62, 3.46, 3.29, 3.02, 2.84 

7.6, 1.7 

10.55, 8.51, 7.79, 7.36, 7.18, 6.88, 6.76, 6.40, 6.11, 5.70, 

5.52, 5.11, 4.95, 4.60, 4.20, 3.57, 2.69 
7.94, 7.85, 7.62, 7.42, 6.76, 6.33, 6.14, 6.02, 5.71, 5.41, 

5.27, 4.93, 4.68, 4.49, 4.38, 4.20, 3.92, 3.55, 3.28, 3.04 
8.64, 7.78, 7.42, 7.19, 6.64, 5.97, 5.43, 5.03, 4.84, 4.60, 

4.38, 3.69, 3.36, 3.21, 2.94 

8.56, 7.77, 7.42, 6.98, 6.62, 6.12, 5.72, 5.51, 5.01, 4.46, 
4.06, 3.62 

7.7, 6.2, 2.90, 2.40, 2.00, 1.59, 1.15, 0.78, 0.74 

9.28, 8.48, 8.03, 7.77, 7.20, 6.98, 6.30, 5.75, 5.38, 5.01, 

4.39, 4.18, 3.92, 3.67 
8.2, 6.0 

7.83, 7.43, 6.42, 5.89, 5.66, 5.49, 4.95, 4.76, 4.45, 3.62 

8.2, 6.8 

8.85, 8.54, 8.31, 8.18, 7.65, 7.15, 6.84, 6.35 

0.22, 0.15 

9.39, 9.19, 8.27, 7.80, 7.38, 6.76, 6.53, 6.41, 5.65, 4.96, 

4.88, 4.67 
6.4, 3.97, 1.38, 1.00, 0.33 
7.31, 7.15, 6.87, 6.62, 6.51, 5.88, 5.74, 5.51, 5.21, 4.98, 

4.85, 4.45, 4.15, 3.73, 3.59, 3.36 
7.4, 6.8, 5.7, 5.3 
9.72, 8.88, 8.50, 7.93, 7.67, 7.54, 7.36, 7.21, 7.10, 6.87, 

6.64, 6.36, 6.26, 6.12, 6.00, 5.61, 5.26, 4.83, 3.72 

7.4, 6.8, 5.7, 5.3 
7.26, 7.15, 7.05, 6.78, 6.43, 6.11, 5.91, 5.77, 5.63, 5.53, 

5.21, 5.04, 4.81, 4.72, 4.55, 4.24, 4.10, 3.82 
7.2, 5.0, 0.19, 0.09 
10.16, 9.30, 8.87, 8.35, 7.64, 6.02, 5.91, 4.97, 4.81, 4.44, 

4.21, 3.86, 3.43 

8.5, 7.4, 6.0, 0.43 
7.49, 7.20, 7.04, 6.97, 6.87, 6.69, 6.47, 6.25, 6.11, 5.97, 

5.73, 5.65, 5.35, 5.18, 4.90, 4.59, 4.37, 4.18, 4.03, 3.69 ; 
3.36 
7.0, 5.9, 1.5, 1.1, 0.22 
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Table 8f-l. Gamma Rays Accompanying Neutron Capture (Continued) 



Element 



Source 



Ni 2 3 

Metal 
Metal 

Metal 
Metal 

Metal 

As 2 3 
Se0 2 

SrC0 3 

Metal 

Nb 2 5 

MoC 

Metal 

Metal 

Metal 

Metal 

Metal 

Metal 

Metal 

Metal 

Metal 

Metal 

Metal 

Sb 2 3 

Metal 

BaO 

LaO 

PrOn 

Sm 2 3 

Sm 2 149 3 

GdO 

Metal 

Dy 2 3 

Metal 

Metal 

Metal 

Metal 

HgF 2 

Metal HgW9 

T1 2 3 



Gamma energies, Mev 



9.00, 8.53, 8.12, 7.82, 7.53, 7.22, 7.05, 6.84, 6.58, 6.34, 

6.10, 5.99, 5.82, 5.70, 5.31 
9.0, 8.5, 7.5, 6.5 
7.91, 7.63, 7.30, 7.16, 7.01, 6.69, 6.41, 6.05, 5.75, 5.64, 

5.43, 5.31, 5.18, 5.07 
7.5, 6.6, 0.15 
9.51, 9.12, 8.98, 8.58, 8.31, 7.88, 7.19, 6.94, 6.65, 6.49, 

6.26, 6.03, 5.77, 5.48, 5.23, 4.84, 4.14 
7.5, 1.7 

7.30, 7.05, 6.85, 6.38, 6.05, 5.41, 5.17, 4.97, 4.77, 4.53 
10.48, 9.88, 9.17, 8.50, 8.09, 7.95, 7.73, 7.42, 7.19, 6.88, 

6.59, 6.41, 6.23, 6.02, 5.80, 5.59, 5.21, 4.57 

9.22, 9.06, 8.38, 8.05, 7.53, 6.95, 6.87, 6.67, 6.27, 6.10, 
5.82, 5.43 

8.66, 7.71, 7.38, 6.30 

7.19, 6.85, 5.90 

9.15, 8.39, 7.79, 7.66, 7.54, 7.40, 6.92, 6.66, 6.39 

0.16, 0.08 

6.79, 6.36, 6.20, 6.06, 5.91, 5.55 
0.19 

7.27, 7.06, 6.95, 6.67, 6.55, 6.27, 6.06 

8.5, 0.56 

9.05, 8.48, 7.84, 7.73, 7.66, 6.82, 5.94 

(Cd"3) 0.070, 0.093, 0.535 

0.26, 0.16 

5.86, 5.73, 5.55, 5.34, 5.17, 4.97 

8.0, 7.5 

9.35 

6.80, 6.50, 6.33, 6.11, 5.89, 5.61, 5.43 
0.61 

9.23, 7.79, 7.18, 6.68, 6.44, 6.06, 5.74, 4.98, 4.70, 4.10, 3.66 
4.5 

5.83, 5.67, 5.16, 4.79, 4.69 

7.89,7.24,6.79,6.54,5.99 

0.290, 0.329, 0.394, 0.433 

7.78, 7.36, 6.73, 6.41, 5.87, 5.61 

0.029, 0.038, 0.071, 0.077, 0.080, 0.130 

0.074, 0.075, 0.079, 0.097, 0.135 

6.07, 5.78, 5.57, 5.38, 5.21, 5.05, 4.84 

7.42, 6.73, 6.40, 6.18, 6.02, 5.77, 5.30, 5.25, 5.14, 4.94, 4.67 

7.92, 7.26, 6.07, 5.24 

6.49, 6.45, 6.31, 6.25, 6.15, 5.98, 5.70, 5.52, 5.20, 4.59 

6.45, 5.96, 5.65, 5.39, 5.07, 4.95, 4.83, 4.73, 4.66 

0.282, 0.270 

6.54, 6.20, 5.90, 5.63, 5.25, 4.91, 4.72 
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With the development of scintillation counters, having greatly increased sensitivity, 
many examples of the effect have been found. 

8f-9. Neutron Capture Gamma Rays. The binding energy per nucleon in the 
elements heavier than boron is of the order of 8 Mev. It must follow that the capture 
of a slow neutron in any isotope results in a highly excited state of the isotope greater 
in mass by unity. In the adjustment to the stable state of this isotope, gamma rays 
will be emitted. 

Investigations confirmed the existence of these gamma rays and showed that the 
lifetime for many such emitters was less than 10~ 7 sec. It seems quite likely that 
this radiation consists of gamma rays with energies up to 10 Mev, because of transi- 
tions from a high-energy state whose lifetime is of the order of 10~ u sec, in cascade 
with low-energy gamma rays due to transitions from low-lying levels to the ground 
state. The latter states may have lifetimes of the order of lO" 10 sec and the low-energy 
gammas are highly converted. 

Extensive experimental studies have been made both at the Argonne National 
Laboratory and at the Canadian Chalk River Laboratory. Neutron beams from 
reactors irradiated the sources. In the investigations at Argonne the low-energy 
gamma energies have been evaluated by the use of magnetic beta spectrometers and 
multichannel scintillation crystal devices. The high-energy gamma rays have been 
studied at Chalk River by the use of magnetic electron-pair spectrometers. The 
difference in energies for the high-energy gamma rays should be in accord with the 
differences between the low-energy transitions. Many isotopes remain to be studied. 
The results to date are presented in Table 8f-l. 



8g. Artificial Radioisotopes and Isomers 

L. SLACK 
George Washington University 



8g-l. Introduction. Information on the radioactive isotopes from the neutron 
through the radioisotopes of bismuth is given in Table 8g-l. The values used were| 
selected from the data in the files of the Nuclear Data Group of the National Research 
Council up to March 1, 1955, which were kindly made available to the author. 

In a condensed table it is not possible to list all the work which has been done on 
each, or in fact most, of the isotopes. Accordingly one value for the energy of each 
of the various radiations is given. For references to the literature, as well as for 
other values, one should consult National Bureau of Standards Circular 499 and the 
subsequent publications of the Nuclear Data Group as listed in the References. The 
following classes of isotopes have been omitted: (1) the stable isotopes; (2) the isotopes 
having a nuclear charge Z greater than or equal to 84; (3) the isotopes emitting nega- 
tive beta particles having no reported measurements of the energy of the betas; and 
(4) the isotopes for which the mass assignment is unknown or dubious. 

8g-2. Explanation of Table 8g-l— Radioisotope Data. Column 1 lists the nucleus 
undergoing decay. The left subscript on the first isotope listed for a given elemenl 
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is the number of protons in the nucleus. The superscript is the mass number. The 
letter m following the mass number indicates that the decay data for the entry are for 
decay from a metastable or isomeric state. Decay from those states having half 
lives under a millisecond are listed under the parent radioactive nucleus. Metastable 
nuclei having half lives greater than a millisecond are listed under the nuclei them- 
selves. 

Column 2 lists the half life. Care has been exercised in the selection of values, but 
the values are not necessarily "best" values. 

Column 3 gives the type of decay according to the following notation: 
negative beta particle (negatron) emission 
P + positive beta particle (positron) emission 
e electron capture (only when observed experimentally) 
a alpha-particle emission 
n neutron emission 
IT isomeric transition 

Column 4 gives the energies of the component groups in beta transitions followed 
by information on the abundances of the groups according to the following notation: 
For /3~ transitions 

( +) relative number of 0~ transitions in the group 
( %) number of 0~ transitions in the group per 100 disintegrations 
For /3 + transitions 

( +) relative number of 0+ transitions in the group 
( %) number of /3+ transitions in the group per 100 disintegrations 
( %T) number of transitions in the group (e + /3+) per 100 disintegrations 
[ ] e//3+ i.e., ratio of electron-capture transitions to 0+ transitions (total 

e/0 + if set off by a semicolon) 

For some isotopes decaying by electron capture the disintegration energy has been 
measured and is denoted by E diB . Conversion electron energies are not given. E a 
and E n are alpha and neutron energies, respectively. 

Column 5 gives the energies of the gamma rays associated with the decay Also 
given are data on the relative abundances of the gamma rays and the transitions 
conversion coefficients, half lives of delayed radiations, and multipolarity in that 
order when these data are available. The following symbolism is used for gamma 
transitions: 

( -f*) relative number of gamma rays 
( %) number of transitions per 100 disintegrations 
[ J number of conversion electrons per gamma ray = a 

[K ] number of K conversion electrons per gamma ray = a K 
number of L conversion electrons per gamma ray = a L 
(t = ) half life of a delayed radiation 
Ml, E2, etc. multipolarity of a transition when given in the literature 
w, vw, st, vst weak, very weak, strong, very strong (intensity) 
The L-shell conversion coefficient a L is given only when « K has not been measured. 
K/L ratios are not given, nor are upper limits of half lives of delayed radiations when 
these are the only data given. For some isotopes only the energies of those transitions 
observed in more than one experiment are given. If the only value available for a 
transition is the conversion electron energy it is not, in general, listed. Selection of a 
particular value was based both on the method of measurement and on consistency 
with other data. J 

The References include general discussions of subjects pertinent to the studv of 
radioisotopes. J 
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8h. Neutrons 

D. J. HUGHES 
Brookkaven National Laboratory 

J. A. HARVEY 
Oak Ridge National Laboratory 



Primarily because of their lack of charge and their availability in high intensity, 
neutrons have been used to study interactions with matter over a 10 13 -fold energy 
range (10~ 4 to 10 9 ev). The complexity of these interactions is such that they cannot 
all be presented in tabular or graphical form in reasonable space. Here only the 
interactions that have been fairly well established and are of general use are included, 
most of these corresponding to the low-energy region. 

8h-l. Neutron Properties 1 

Spin, n/2 

Statistics, Fermi-Dirac 

Radioactive decay, half life = 12.8 ± 2.5 min; mass difference m n - m H = 782 
± 1 kev 

Magnetic moment M « « -1.913148 ± 0.000066 nuclear magnetons 

Neutron mass, 1.008982 ± 0.000003 atomic mass units (physical scale), (1 67474 
± 0.00010) X 10-^ g, 939.526 + 0.024 Mev 

Compton wavelength of the neutron 

*c« = — = (1.31958 ± 0.00004) X 10~ 13 cm 

Xcn * Ifr = ( 2 - 10017 ± 0.00007) X 10~ 14 cm 

Nonrelativistic conversion formulas [E = kT y X = h/(2mE)%] 

T (degrees K) = 1.16057 X 10 4 # == 6.06607 X 10~V - 949334 X 1Q ~ 4 

X 2 

E (ev) = 8.6164 X \0~ b T = 5.22680 X 10" 9 t> 2 = 8.17989 X 10~ 18 

X 2 

v (m/sec) « 1.28394 X lO 2 ^ = 1.38319 X WEh = 3.95599 X 10~ 5 
X (cm) « 3Q8112 X IP" 7 2.86005 X 10"» _ 3.95599 X 10"* 

v ; n m v 

For neutron with v = 2,200 m/sec 

T = 293.60 ± 0.02°K 
X = (1.79818 ± 0.00006) X 10~ 8 cm 
E = 0.0252977 ± 0.0000006 ev 

* Based on results of J. W. M. DuMond and E. R. Cohen, Revs. Modern Phys. 25, 691 
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8h-2. Neutron Binding Energies. The compound nucleus formed by addition of a 
neutron to a target nucleus has an excitation energy equal to the neutron's binding 
energy B n (of the "last" neutron in the compound nucleus) plus its kinetic energy. 
As a result, B n is important in determining the excitation energy involved in neutron 
reactions. The binding energy of the last neutron in the nuclide indicated is tabu- 
lated in Table 8h-l, which is based on a compilation of neutron binding energies by 
N. Feather. 1 

8h-3. Types of Neutron Cross Sections. The various interactions of neutrons 
with matter are specified quantitatively in terms of cross sections, which give the 
probabilities of these interactions in a given neutron flux nv, 

Interactions per second »? nvN<n 

where N is the number of atoms present and <n is the cross section for the interaction 
of type i. Cross sections have the dimensions of area, the usual unit being the barn 
(= 10"~ 24 cm 2 ), with millibarns, microbarns, etc., also being used. 

Partial cross sections refer to specific processes, as neutron capture, scattering, 
etc., and the sum of all the possible processes is the total cross section or. The total 
cross section determines the diminution of a neutron beam as it traverses a sample; 
the ratio of the beam intensity after traversal to the incident intensity, or the trans- 
mission T 7 , is given by 

T = e~~ n(T T* 

where x is the sample thickness and n the number of atoms per cm 3 . The differential 
scattering cross section da s /da) gives the probability that a neutron will be scattered 
in a given direction, and the integral of da s /dco over 4w solid angle is the scattering 
cross section a s . The transport cross section <r tr is related to the scattering cross section 

by 

crtr = o-,(l — COS 0) 

where 6 is the angle of scattering in the laboratory coordinate system. The activation 
cross section refers to the production of a specific radioactive isotope, usually as a 
result of the (n,y) reaction (neutron capture). 

8h-4. Fast-neutron Cross Sections. The classification "fast neutrons" refers to a 
rather vague energy region, about 10 kev to 10 Mev. In this region, individual 
neutron resonances cannot be resolved in most heavy elements, and a cross section 
varying smoothly with energy is observed as a result. For the great majority of the 
fast-neutron cross-section work, total cross sections alone have been measured, 
although reactions and scattering have also been studied. As individual resonance 
parameters are not determined, except for the lightest elements, the data are not 
amenable to tabular presentation and the curves presenting the known results fill a 
large volume, "Neutron Cross Sections." Several illustrative curves only for total 
cross sections are reproduced here. Figure 8h-l for H is smooth because there are no 
resonances in the energy region shown. The curve for C (Fig. 8h-2) is smooth in the 
low-energy region for the same reason, exhibits resonances in the 1- to 10-Mev region, 
and is smooth at higher energy because of failure to resolve resonances. Iron (Fig. 
8h-3) is similar to carbon, but the characteristic features are moved to lower energies, 
and in U (Fig. 8h-4) the levels are so close that they are unresolved for the entire 
energy range shown. For those few resonances in the light elements for which reso- 

1 Advances in Phys. 2, 141 (1953). Additional pertinent information was derived from 
the nuclear data tables published in Nuclear Science Abstracts (through June, 1954) ; 
J. M. Hollander, I. Perlman, and G. T. Seaborg, Revs. Modern Phys. 25, 469 (1953); 
F. Ajzenberg and T. Lauritsen, Revs. Modern Phys. 24, 321 (1952); P. M. Endt and J. C. 
Kluyver, Revs. Modern Phys. 26, 95 (1954) ; J. R. Huizenga andL. B. Magnusson, ANL-5158 
(November, 1953); N. S. Wall, Phys. Rev. 96, 664 (1954). 
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Table 8h-l. Table of Neutbon Binding Energies 
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z 


Element 


A 


N 


B n , Mev 


1 


H 


2 


1 


2.226 ± 0.003 






3 


2 


6.256 ± 0.007 


2 


He 


4 


2 


20.58 ± 0.02 






6 


4 


1.90 ± 0.08 


3 


Li 


6 


3 


5.35 ± 0.20 






7 


4 


7.254 ± 0.003 






8 


5 


2.034 ± 0.003 


4 


Be 


8 


4 


18.884 ± 0.010 






9 


5 


1.667 + 0.002 






10 


6 


6.816 ± 0.006 


5 


B 


9 


4 


18.4 ± 0.3 






10 


5 


8.44 ± 0.02 






11 


6 


11.453 ± 0.005 






12 


7 


3.364 ± 0.006 


6 


C 


11 


5 


13.38 ± 0.10 






12 


6 


18.77 ± 0.06 






13 


7 


4.946 ± 0.002 






14 


8 


8.169 ± 0.004 






15 


9 


2.2 ± 0.5 


7 


N 


13 


6 


20.45 ± 0.10 






14 


7 


10.55 + 0.01 






15 


8 


10.832 ± 0.008 






16 


9 


2.6 ± 0.2 






17 


10 


5.6 ± 0.4 


8 





15 


7 


13.23 ± 0.10 






16 


8 


15.6 ± 0.2 






17 


9 


4.143 ± 0.006 






18 


10 


8.06 ± 0.02 






19 


11 


3.961 ± 0.008 


9 


F 


18 


9 


9.13 + 0.05 






19 


10 


10.3 ± 0.3 






20 


11 


6.599 ± 0.008 


10 


Ne 


20 


10 


16.86 ± 0.04 






21 


11 


6.755 ± 0.008 






22 


12 


10.363 ± 0.011 






23 


13 


5.190 ± 0.008 


11 


Na 


23 


12 


12.25 ± 0.05 






24 


13 


6.953 ± 0.007 






25 


14 


9.2 ± 0.3 


12 


Mg 


24 


12 


16.59 ± 0.02 






25 


13 


7.334 ± 0.007 






26 


14 


11.106 ± 0.010 






27 


15 


6.440 ± 0.008 


13 


Al 


25 


12 


17.0 ± 0.4 






26 


13 


11.5 ± 0.2 






27 


14 


12.99 ± 0.06 






28 


15 


7.724 + 0.006 



8-136 NUCLEAR PHYSICS 

Table 8h-l. Table of Neutron Binding Energies (Continued) 



z 


Element 


A 


N 


B ny Mev 


14 


Si 


28 


14 


16.84 ± 0.11 






29 


15 


8.468 ± 0.008 






30 


16 


10.601 ±0.011 






31 


17 


6.590 ± 0.007 


15 


P 


30 


15 


11.25 ± 0.25 






31 


16 


12.1 ± 0.2 






32 


17 


7.930 ± 0.008 






33 


18 


10.09 ± 0.02 






34 


19 


6.0 ± 0.3 


16 


S 


32 


16 


14.71 ± 0.12 






33 


17 


8.65 ± 0.01 






34 


18 


10.9 ± 0.2 






35 


19 


7.0 ±0.3 






36 


20 


9.2 ± 0.3 






37 


21 


5.7 ±0.3 


17 


CI 


34 


17 


10.8 ± 0.4 






35 


18 


12.8 ± 0.3 






36 


19 


8.56 ± 0.03 






37 


20 


9.95 ± 0.20 






38 


21 


6.3 ± 0.3 






39 


22 


8.4 ± 0.3 


18 


A 


36 


18 


14.7 ± 0.2 






37 


19 


8.82 ± 0.03 






38 


20 


11.8 ± 0.3 






39 


21 


6.9 ± 0.3 






40 


22 


9.99 ± 0.10 






41 


23 


6.07 ± 0.08 


19 


K 


39 


20 


13.2 ± 0.2 






40 


21 


7.795 ± 0.008 






41 


22 


10.20 ± 0.10 






42 


23 


7.34 ± 0.02 


20 


Ca 


40 


20 


15.4 ±0.2 






41 


21 


8.366 ± 0.010 






42 


22 


11.37 ± 0.12 






49 


29 


5.0 ± 0.3 


21 


Be 


46 


25 


8.85 ± 0.08 






47 


26 


10.5 ± 0.2 






48 


27 


7.98 ± 0.10 






49 


28 


10.29 ± 0.10 


22 


Ti 


46 


24 


13.3 ± 0.2 






47 


25 


8.70 ± 0.05 






48 


26 


11.36 ± 0.05 






49 


27 


8.10 ± 0.05 






50 


28 


10.85 ± 0.05 






51 


29 


6.34 ± 0.07 
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Table 8h-l. Table of Neutron Binding Energies (Continued) 



z 


Element 


A 


N 


B n , Mev 


23 


V 


49 


26 


11.51 ± 0.10 






50 


27 


9.07 ± 0.10 






51 


28 


11.05 ± 0.20 






52 


29 


7.305 ± 0.007 


24 


Cr 


50 


26 


13.4 ± 0.2 






51 


27 


9.1 + 0.3 






52 


28 


11.80 + 0.25 






53 


29 


7.929 ± 0.008 






54 


30 


9.716 ± 0.008 






55 


31 


5.9 ± 0.3 


25 


Mn 


52 


27 


10.5 ± 0.4 






53 


28 


12.0 ± 0.2 






54 


29 


8.94 ± 0.10 






55 


30 


10.1 ± 0.2 






56 


31 


7.261 ± 0.006 


26 


Fe 


53 


27 


10.5 ± 0.3 






54 


28 


13.8 ± 0.2 






55 


29 


9.298 ± 0.007 






56 


30 


11.12 ± 0.10 






57 


31 


7.639 ± 0.004 






58 


32 


10.16 ± 0.04 






59 


33 


6.4 ± 0.3 


27 


Co 


58 


31 


9.0 ± 0.3 






59 


32 


10.25 ± 0.20 






60 


33 


7.486 ± 0.006 






61 


34 


9.96 ± 0.05 


28 


Ni 


58 


30 


11.7 ± 0.2 






59 


31 


8.997 ± 0.005 






60 


32 


11.40 ± 0.10 






61 


33 


8.532 ± 0.008 






63 


35 


6.7 ± 0.2 






64 


36 


9.66 ± 0.03 






65 


37 


6.02 ± 0.10 


29 


Cu 


61 


32 


10.6 ± 0.2 






63 


34 


10.65 ± 0.10 






64 


35 


7.914 ± 0.004 






65 


36 


9.80 ± 0.05 






66 


37 


7.1 ± 0.2 






67 


38 


9.1 ± 0.3 


30 


Zn 


63 


33 


9.0 ± 0.2 






64 


34 


11.80 ± 0.10 






65 


35 


7.876 ± 0.007 






66 


36 


11.15 ± 0.20 






67 


37 


7.0 ± 0.2 






68 


38 


10.15 ± 0.20 






69 


39 


6.3 ± 0.3 




70 


40 


9.2 ± 0.2 
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Table 8h-l. Table of Neutron Binding Energies (Continued) 



z 


Element 


A 


N 


B nj Mev 


31 


Ga 


67 


36 


11.2 ±0.3 






68 


37 


8.3 ± 0.3 






69 


38 


10.1 ± 0.2 






71 


40 


9.05 ± 0.20 


32 


Ge 


75 


43 


6.5+0.3 


33 


As 


75 


42 


10.2 ± 0.2 






76 


43 


7.30 ± 0.04 


34 


Se 


77 


43 


7.416 ± 0.009 






78 


44 


10.483 ± 0.014 






79 


45 


7.0 ± 0.3 






80 


46 


9.35 ± 0.20 






81 


47 


6.8 ± 0.3 






82 


48 


9.8 ± 0.5 


35 


Br 


77 


42 


10.66 ± 0.05 






78 


43 


8.40 ± 0.10 






79 


44 


10.65 ± 0.20 






80 


45 


7.3 ± 0.3 






81 


46 


10.1 ± 0.2 


36 


Kr 


80 


44 


11.3 ± 0.4 






85 


49 


5.95 ± 0.05 






87 


51 


5.53 ± 0.05 






88 


52 


6.8 ± 0.3 


37 


Rb 


87 


50 


9.96 ±0.05 






88 


51 


6.0 ± 0.2 






89 


52 


7.4 ± 0.3 


38 


Sr 


85 


47 


7.5 ± 0.3 






86 


48 


9.5 ± 0.2 






87 


49 


8.43 ± 0.01 






88 


50 


11.07 ± 0.06 






89 


51 


6.55 ± 0.10 






90 


52 


7.6 ± 0.2 






91 


53 


5.7 ± 0.2 


39 


Y 


87 


48 


10.5 ± 0.5 






88 


49 


9.4 ± 0.2 






89 


50 


11.7 ± 0.2 






90 


51 


6.70 ± 0.10 






91 


52 


7.80 ± 0.10 






92 


53 


6.60 ± 0.10 






93 


54 


6.8 ± 0.4 


40 


Zr 


88 


48 


<12.3 






89 


49 


>9.3 






90 


50 


11.8 ± 0.2 






91 


51 


7.16 ±0.05 






92 


52 


8.66 ± 0.04 






93 


53 


6.65 ± 0.05 






95 


55 


6.42 ± 0.05 






97 


57 


3.7 ± 0.4 



NEUTRONS 8-139 

Table 8h-l. Table of Neutbon Binding Enebgies (Continued) 



z 


Element 


A 


N 


B n , Mev 


41 


Nb 


91 


50 


10.0 ± 0.6 






92 


51 


8.5 ± 0.5 






93 


52 


8.7 ± 0.2 






94 


53 


7.19 ± 0.03 






95 


54 


9.2 ± 0.4 






96 


55 


6.9 ±0.2 






97 


56 


8.1 ± 0.3 


42 


Mo 


92 


50 


13.28 ± 0.15 






93 


51 


7.90 ± 0.05 






94 


52 


9.9 ± 0.5 






95 


53 


8.0 ± 0.3 






96 


54 


9.15 ± 0.05 






97 


55 


6.9 ± 0.2 






98 


56 


8.29 ± 0.10 


43 


Tc 


93 


50 


>10.2 






94 


51 


8.7 ±0.5 






95 


52 


9.5 ± 0.4 






100 


57 


7.1 ± 0.4 


44 


Ru 


99 


55 


7.1 ± 0.2 






100 


56 


9.5 ± 0.2 






103 


59 


6.5 ± 0.3 


45 


Rh 


100 


55 


8.0 ± 0.3 






103 


58 


9.4 ± 0.2 






104 


59 


6.792 ± 0.014 






105 


60 


9.1 ± 0.3 


46 


Pd 


105 


59 


7.1 ± 0.2 






108 


62 


9.4 ± 0.2 


47 


Ag 


108 


61 


7.27 ± 0.02 






109 


62 


9.07 ± 0.10 






113 


66 


8.6 ± 0.4 


48 


Cd 


108 


60 


10.20 ± 0.10 






113 


65 


6.40 ± 0.10 






114 


66 


9.046 ± 0.008 






115 


67 


5.6 ± 0.2 


49 


In 


113 


64 


9.2 ±0.3 






115 


66 


9.1 ± 0.2 






116 


67 


6.6 ± 0.2 






118 


69 


<9.8 






119 


70 


>5.4 


50 


Sn 


115 


65 


7.7 ±0.3 






116 


66 


8.9 ± 0.3 






118 


68 


9.3 ± 0.2 






119 


69 


6.6 ± 0.2 






121 


71 


6.15 ± 0.07 






124 


74 


8.50 ± 0.15 






125 


75 


5.75 ± 0.07 
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Table 8h-l. Table of Neutron Binding Energies (Continued) 



z 


Element 


A 


N 


B n , Mev 


51 


Sb 


121 


70 


9.25 ± 0.10 






122 


71 


6.80 ± 0.04 






124 


73 


6.6 ± 0.2 






125 


74 


8.62 ± 0.10 


52 


Te 


122 


70 


>9.3 






125 


73 


6.48 ± 0.07 






126 


74 


7.2 ± 0.2 


53 


I 


127 


74 


9.10 ± 0.20 






128 


75 


6.58 ± 0.05 


55 


Cs 


133 


78 


9.05 ± 0.20 






134 


79 


6.73 ± 0.10 






137 


82 


7.1 ± 0.3 






138 


83 


4.9 ± 0.4 


56 


Ba 


137 


81 


6.8 ± 0.2 






138 


82 


8.55 ± 0.25 






139 


83 


5.2 ± 0.3 






141 


85 


<5.2 


57 


La 


139 


82 


8.8 ± 0.2 






140 


83 


5.10 ± 0.10 






141 


84 


6.93 ± 0.15 


58 


Ce 


140 


82 


9.05 ± 0.20 






141 


83 


5.50 + 0.15 






142 


84 


7.15 ± 0.20 






143 


85 


5.09 ± 0.07 


59 


Pr 


140 


81 


7.8 ± 0.3 






141 


82 


9.40 ± 0.15 


60 


Nd 


143 


83 


5.02 ± 0.08 


62 


Sm 


155 


93 


5.58 ± 0.30 


73 


Ta 


181 


108 


7.55 ± 0.20 






182 


109 


6.03 ± 0.15 


74 


W 


183 


109 


6.25 ± 0.30 






186 


112 


7.15 ± 0.30 


75 


Re 


187 


112 


7.3 ± 0.3 


76 


Os 


187 


111 


6.6 ± 0.3 


77 


Ir 


193 


116 


7.8 ± 0.2 






195 


118 


6.5 ± 0.3 


78 


Pt 


194 


116 


9.5 ± 0.2 






195 


117 


6.12 ± 0.08 






196 


118 


8.2 ± 0.2 






197 


119 


<6.5 


79 


Au 


197 


118 


8.0 ± 0.1 






198 


119 


6.35 ± 0.15 


80 


Hg 


201 


121 


6.3 ± 0.2 


81 


Tl 


203 


122 


8.80 ± 0.20 






204 


123 


6.52 ± 0.15 






205 


124 


7.60 ± 0.20 






206 


125 


6.16 ± 0.15 



NEUTRONS 8-141 

Table 8h-l. Table of Neutron Binding Energies (Continued) 



z 


Element 


A 


N 


B n , Mev 


81 


Tl 


207 


126 


6.79 ± 0.03 






208 


127 


3.83 ± 0.03 






209 


128 


4.84 ± 0.11 






210 


129 


3.88 ± 0.13 


82 


Pb 


205 


123 


6.40 ± 0.18 






206 


124 


8.10 ± 0.10 






207 


125 


6.73 ± 0.01 






208 


126 


7.38 ± 0.01 






209 


127 


3.87 ± 0.05 






210 


128 


5.24 ± 0.06 






211 


129 


3.78 ± 0.04 






212 


130 


5.17 ± 0.03 


83 


Bi 


209 


126 


7.44 ± 0.05 






210 


127 


4.67 ± 0.06 






211 


128 


5.10 ± 0.04 






212 


129 


4.38 ± 0.02 






213 


130 


5.07 ± 0.12 






214 


131 


4.24 ± 0.12 


84 


Po 


209 


125 


6.65 ± 0.18 






210 


126 


7.66 ± 0.10 






211 


127 


4.55 ± 0.03 






212 


128 


6.01 ± 0.03 






213 


129 


4.31 ± 0.05 






214 


130 


5.91 ± 0.06 






215 


131 


4.10 ± 0.04 






216 


132 


5.78 ± 0.03 


85 


At 


215 


130 


5.90 ± 0.06 






216 


131 


4.59 ± 0.06 






217 


132 


5.86 ± 0.12 






218 


133 


4.64 ± 0.14 


86 


Em 


216 


130 


6.66 ± 0.08 






217 


131 


4.58 ± 0.07 






218 


132 


6.55 ± 0.07 






219 


133 


4.40 ± 0.05 






220 


134 


6.33 ± 0.03 


87 


Fr 


219 


132 


6.46 ± 0.08 






220 


133 


5.22 ± 0.07 






221 


134 


6.25 ± 0.12 


88 


Ra 


220 


132 


7.19 ± 0.11 






221 


133 


5.32 ± 0.08 






222 


134 


6.75 ± 0.08 






223 


135 


5.17 ± 0.10 






224 


136 


6.43 ± 0.10 






225 


137 


5.07 ± 0.13 






226 


138 


6.33 ± 0.14 






227 


139 


4.56 ± 0.16 






228 


140 


6.10 ± 0.11 
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Table 8h-l. Table of Neutron Binding Energies (Continued) 



z 


Element 


A 


N 


B n , Mev 


89 


Ac 


223 


134 


6.79 ± 0.10 






224 


135 


5.70 ± 0.09 






225 


136 


6.62 ± 0.13 






226 


137 


5.43 ± 0.15 






227 


138 


6.58 + 0.13 






228 


139 


4.84 ± 0.10 


90 


Th 


224 


134 


7.62 ± 0.11 






225 


135 


5.89 ± 0.08 






226 


136 


7.03 ± 0.09 






227 


137 


5.44 ± 0.10 






228 


138 


7.05 ± 0.10 






229 


139 


5 . 48 ± . 13 






230 


140 


6.68 ± 0.14 






231 


141 


5.18 ± 0.16 






232 


142 


6.20 ± 0.04 






233 


143 


5.16 ± 0.11 






234 


144 


6.01 ± 0.14 


91 


Pa 


227 


136 


7.14 ± 0.11 






228 


137 


6.08 ± 0.09 






229 


138 


7.03 ± 0.13 






232 


141 


5.28 ± 0.10 






233 


142 


6.95 ± 0.15 






234 


143 


5.38 ± 0.14 






235 


144 


5.90 + 0.15 


92 


U 


228 


136 


7.73 ± 0.13 






229 


137 


6.15 ± 0.09 






230 


138 


7.61 ± 0.09 






231 


139 


5.83 ± 0.12 






232 


140 


7.20 ± 0.12 




U 


233 


141 


5.97 ± 0.14 






234 


142 


6.74 ± 0.14 






235 


143 


5.37 ± 0.15 






236 


144 


6.29 ± 0.04 






237 


145 


5.45 ± 0.12 






238 


146 


6.03 + 0.13 






239 


147 


4.87 + 0.13 






240 


148 


5.77 ± 0.30 


93 


Np 


236 


143 


5.61 + 0.10 






237 


144 


6.91 ± 0.16 






238 


145 


5.19 ± 0.14 






239 


146 


6.41 ± 0.15 






240 


147 


4.83 ± 0.30 


94 


Pu 


235 


141 


6.18 ± 0.14 






236 


142 


7.30 ± 0.14 






239 


145 


5.71 + 0.15 






240 


146 


6.28 ± 0.05 






241 


1 147 


5.55 + 0.12 
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Table 8h-l. Table of Neutron Binding Energies (Continued) 



z 


Element 


A 


N 


B n , Mev 


94 


Pu 


242 


148 


6.06 ± 0.14 






243 


149 


5.15 ± 0.15 


95 


Am 


242 


147 


5.41 + 0.14 






243 


148 


6 44 ± 0.15 


96 


Cm 


243 


147 


5.72 ± 0.15 






244 


148 


6.51 ± 0.07 



nance-level parameters have been determined, the results are given in Sec. 8h-5, 
although they refer to the "fast-neutron" rather than the "resonance-neutron" 
energy region. 

8h-5. Resonance Cross Sections. The neutron energy region in which individual 
resonances can be resolved varies from nuclide to nuclide, but for all but the lightest 
elements it is about 1 ev to 10 kev. In this energy region only I = interactions are 
appreciable and the analysis of resonances is thereby simplified. The scattering and 
capture characteristics of the resonance level are given as functions of the neutron 
energy E by the Breit- Wigner single-level formulas for scattering and neutron capture : 



r n /2 



R\ 



'•<*> " *** I E-E n UiT/2 + f 1 + **« ~ '>* 

*y(E) = XXOV (-/) {E _ j^\ (r/2)2 

r = r 7 + v n + T p + r« + • • • 

9 = 2 \2I + l) J " 7 ± 2 (f ° r l = ° neutrons ) 



Here r T , r„, etc., the "resonance parameters," are the radiation, neutron, etc., widths 
of the nuclear energy level corresponding to the neutron resonance, and r is the total 
width, related to the lifetime of the state U by t = h/T. The cross sections for the 
(n,p), (n,a), etc., reactions are the same as <r T , with p, a, etc., substituted for y. The 
neutron width is the value at the resonance energy E (Xo is the neutron wavelength /2x 
at resonance), / is the spin of the target nucleus, of radius R, and J is the spin of the 
compound nucleus. For incoming neutrons of angular momentum I greater than 
zero the factor g is unknown in general because of the various Va that can produce a 
given J. Because neutron widths are proportional to velocity, it is often convenient 
to list r n °, the neutron width reduced to its value at 1 ev, 



r0 ss 
n — 



lit 

Eh 



For an actual sample, the resonance has an observed width greater than r because 
of the temperature motion of the atoms. This motion produces a resonance spread 
that is gaussian with a width A given by 

where m/M is the mass ratio of neutron to nucleus and T is a temperature slightly 
greater than the actual sample temperature. 1 

* W. E. Lamb, Jr., Phya. Rev. 55, 190 (1939). 
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In Tables 8h-2 (light elements) and 8h-3 (heavy elements) the parameters are listed 
for those resonances for which at least E and T n are known. Because the neutron 
width is much larger than the radiation width in light elements, the latter is very 
seldom known; partly as a result of this fact, however, the neutron angular momentum 
I and the level spin J can often be obtained. For many of the heavy elements r„ 
can be obtained if r 7 , which is usually much larger, is approximately known. As 
the dependence of r„ on r 7 is often weak in these cases it is usually sufficiently accu- 
rate to use an average r 7 for the particular nuclide in obtaining the iVs of individual 
levels. The average r 7 indicated in the table is obtained either from the individual 
iys of resonances of the nuclide itself or from neighboring nuclides. The error 
quoted for r n includes the error resulting from the uncertainty in fixing this aver- 
age r 7 . An additional error in r n arises because J (hence g) is usually not known; 
this error, which is not included, is largest for 7 = J , negligible for high I, and zero 
for I = 0(g » 1). For the few cases where J's (hence g'a) are known, they are 
included. 

8h-6. Thermal Cross Sections. Thermal neutrons are those in equilibrium with 
a moderating material, such as graphite or water, usually at or near room tempera- 
ture. The velocity distribution of the neutrons is then Maxwellian, 

dn « ■ ■ 4n / _ ^ e -<»/VQ>* dv 

where dn is the density of neutrons in the velocity band dv, the flux being given by 
Jnv. The velocity v is the most probable velocity and the energy corresponding to 
vo = 2,200 m/sec is 0.0253 ev, or a wavelength of 1.80 A (see Sec. 8h-l for exact 
values). 

The wavelength of thermal neutrons is convenient for observation of such optical 
phenomena as diffraction and refraction. In neutron optics it is necessary to con- 
sider the coherent and incoherent parts of the nuclear scattering cross section, the 
incoherent part arising from isotopic and spin-dependent scattering. For the two 
types of scattering, the coherent and incoherent components of the cross section are 
given by 

Isotopic incoherence (for two isotopes, of abundances /i and /a and cross sections 

<n and 0*2) ' 

Ocoh = C/Vi* -h/20-2*) 2 

<Tinc = /l/2(<Ti* — <7 2 *) ? 

Spin-dependent incoherence (for target nucleus of spin I, and cross sections <r+ and 
a- for the / + i and I — \ compound states) : 



Ocoh 



= (irV +i + 27TT <7 - i ) a 



1(21 + 1) , 
*" = (2/ + 1)» ( ° +i - aj!) 

The coherent scattering cross section determines the index of refraction of a non- 
capturing medium for neutrons, 

M 2 _ l = ±2iW(x<rcoh)* 

where Af is the number of nuclei per cm 3 and the minus sign corresponds to a positive 
amplitude (hard-sphere scattering). Presence of neutron capture (written <r 7 ) modi- 
fies the index slightly and adds an imaginary component 

„? - 1 = nx* [ ± (w Mh - ^y + i f] 



NEUTRONS 
Table 8h-2. Resonance Parameters of Light Nuclei 



8^145 



Isotope 


/ 


Eoy kev 


J 


I 


T n , kev 


2 He 4 




1 


1,150 ±50 
248 ± 4 


3 
5 


1 
1 


1,400 ± 200 


3 Li 6 


r 90 ± 10 












r„ 60 ± 15 












r« 30 ± 10 


3 Li 7 


3 


258 ± 3 


3 


1 


35+5 


4 Be 9 


3 

IE 


620 ± 10 
810 ± 10 


3 
2 


1 

1,2 


25+4 




8 ± 3 


5B 11 


3 
■5- 


430 ± 10 


2 


1 


40+5 






1,260 ± 20 


3 


2 


140 ± 20 






1,780 ± 20 


1 


1,2 


60 ± 20 






2,450 + 20 


2 


1,2 


120 ± 40 






2,580 ± 20 


3 


1,2 


60 + 20 


6 C 12 





2,080 ± 10 


^> 3 


>1 


<H 






2,950 ± 20 


3 


2 


60 + 20 






3,650 ± 20 


1 
^ Q 





1,200 + 400 


7 N 14 


1 


430 ± 5 
495 ± 5 


^ 3 


>1 


r« <3 
T p <0.01 
T p <10 
r„ <3 






639 ±5 


1 





r„ 34 + 4 
T p 9 + 3 






998 ± 5 


3 





r„ 45 ± 5 

r p 0.8 ± 0.3 






1,120 ± 6 


5 


1,2 


r n 19 + 3 

r p 0.20 + 0.12 






1,188 ± 6 


^ 3 


>1 


r„ <2 

r p <o.i 






1,211 ± 7 


1 


1 


r„ 12 ± 2 
r p o.4 + 0.2 






1,350 ± 7 


5 


1,2 


r n 21 + 4 
r p 1.0 + 0.6 






1,401 ± 8 


, 3 
IE 


1 


r n 42 + 10 

T p 10 + 3 

r«2 + 1 






1,595 ± 8 


5 


1,2 


r n 21 + 3 
r p o.4 + 0.2 

r a 0.20 ± 0.15 






1,779 ± 10 


5 
IE 


1,2 


r„ 18 + 4 
r« 6 ± 2 

r p 0.20 ± 0.15 


8 16 





435 ± 5 
1,000 ± 10 


3 
IE 
3 


1 
2 


40+4 




100 + 10 






1,320 ± 10 


3 

^ 


1 


35+4 






1,660 ± 10 


^ 3 
>¥ 


>1 


<7 






1,840 ± 10 


^ 3 


>1 


<10 






1,910 ± 20 


1 


1 


30+6 






2,370 ± 20 


1 
IE 





140 + 50 
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Table 8h-2. Resonance Parameters of Light Nuclei (Continued) 



Isotope 


/ 


Eq, kev 


J 


1 


T„, kev 


8 16 




3,330 ± 30 
3,800 ± 80 


3 


2 


220 + 40 






"2" 
3 


1 


800 + 200 






4,400 ± 40 


1 


1 


280 + 80 


9 F 19 . 


1 


28 ± 1 


>1 


>1 


<1.0 




"2 


50 + 2 


>1 


>1 


<2 






100 ± 2 


1 


1,2 


13+3 






275 ± 10 






25 + 10 






340 ± 20 






200 + 100 






420 ± 10 






25 + 15 






510 ± 10 






25 + 15 






590 ± 10 






25 + 10 


n Na 23 .... 


3 


2.9 + 0.2 


2 





. 24 ± 0.12 




"2 


55 ± 3 






<5 






204 ± 3 


1 


1 


5 ± 2 






217 ± 3 





1 


14 ± 10 






243 ± 3 


1,2 


1 


7 ± 2 






297 ± 3 


1 





4.0 ± 1.0 






396 ± 4 


0,1 


1 


23 ± 3 






451 ± 4 


1 


1,2 


9+3 






542 ± 5 


1 





39+7 






602 ± 4 


>1 




6 ± 4 






710 ± 7 


>5 




72 + 10 






784 + 5 


>2 




38+6 






914 ± 5 


>3 




36+5 






988 ± 5 


>1 




24 + 10 


12 Mg 24 





85+3 


1 

1 
2; 


1 


13 ± 3 






275 + 8 


1 


80 + 20 






430 ± 5 


3 

2" 


1 


30 + 10 


13 A1 27 .. 


5 


35 ± 2 


3 





1.2 + 0.5 




"2 


90 ± 4 


3 





7 ± 2 


i 4 Si 28 . 





195 ± 6 


i 

2" 
3 
2^ 





60 + 10 






570+5 


1 


15+5 


16 S 32 





111 + 2 


1 





18+3 






203 + 2 


12 


>1 


<2 






274 + 2 




>1 


<3 






290 + 2 




>1 


<3 






375 + 3 


1 





12+2 






585 + 3 


3 


1 


1.4 + 0.5 






700 + 4 


1 





14+3 
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Table 8h-3. Resonance Parameters of Heavy Nuclei 



Eo, ev 



337 ± 6 
1,080 ± 30 
2,360 ± 100 

132 ± 2 
4,200 ± 1,000 
2,750 ± 100 
4,600 ± 300 
225 ± 3 

455 ± 10 
1,620 ± 70 
2,300 ± 100 
530 ± 11 
45.6 ± 0.6 
162 ± 4 
570 + 30 
700 ± 40 

133 ± 2 

71.5 ± 1.2 
292 ± 10 
406 ± 17 
580 ± 30 

480 ± 20 

367 ± 15 

9.8 ± 0.2 
15.2 ± 0.3 

24.1 ± 0.5 
40.9 ± 0.8 
1.260 ± 0.004 

16.60 ± 0.15 
42.4 ± 0.6 

45.4 ± 0.6 

52.2 ± 0.6 
5.120 ± 0.010 
30.9 ± 0.3 
40.8 ± 0.6 
56.8 ± 0.9 
72.0 ± 1.2 

86.5 ± 1.5 
0.178 ± 0.002 



1.80 
4.71 
14.7 
21.7 
25.2 
32.5 
45.6 



0.03 

0.03 

0.1 

0.2 

0.2 

0.4 

0.6 



1.458 ± 0.003 
3.86 ± 0.02 
9.10 ± 0.09 



r 7 , mv* 



210 ± 60 



26.0 ± 60 
260 ± 80 
330 ± 80 



260 ± 80 
260 ± 80 
150 ± 50 



155 ± 5 
140 ±30 
170 ± 30 



120 ± 30 
136 ± 6 
100 ± 30 



113 ±5 
avg 80 ± 20 

60 ± 20 

110 ± 40 



avg 77 ± 15 
72 ± 2 
81 ± 4 
80 ± 40 



IV mv 



(22 ± 4) X 10' 

(16 ± 5) X 10' 

(340 ± 30) X 10' (J = 3) 

(4.9 ± 0.7) X 10' 

(1,300 ± 400) X 10' 

(70 + 10) X 10' 

(60 ± 30) X 10' 

(1.3 ± 0.2) X 10« 

(13 ± 3) X 10' 

(19 ± 9) X 10' 

(29 ± 15) X 10' 

(10 ± 2) X 10« 

174 ± 10 

13.6 ± 1.9 

120 ± 60 

740 ± 130 

200 ± 15 

16.6 ± 1.8 
75 ± 15 
80 ± 40 
670 ± 130 

740 ±110 

1.000 ± 120 

0.8 ± 0.3* 

1.1 + 0.4* 

2.2 ± 0.8* 

7 + 3* 
0.76 ± 0.04 

4.8 ±0.5 

9 ± 2 

1.2 ± 0.3 

34 ± 4 

(13.4 ± 0.6) (J - 1) 

11 ± 2 

8 ± 2 
20 ± 5 
43 ± 7 
6.0 ± 1.5 

0.65 ± 0.02 (J = 1) 
<0.1 

0.104 ± 0.016 
7.7 ± 1.0 

4.4 ± 0.9 
9.7 ± 1.6 

8.5 ± 1.0 
4.7 ± 1.2 

3.36 ± 0.10 
0.318 ± 0.015 
1.73 ± 0.17 



T n °, mv 



1,200 ± 200 
500 ± 200 

7.000 ± 600 
430 ± 60 

(20 ± 6) X 10' 
1,300 ± 200 
900 ± 400 
87 ± 13 
610 ± 140 
500 ± 200 
600 ± 300 
440 ± 90 
26.0 ± 1.6 

1.1 ± 0.2 
5 ± 3 

28 ± 5 
17.3 ± 1.3 

2.0 ± 0.2 
4.4 ± 0.9 

4 ± 2 
28 ± 6 

34 ± 5 

52 ± 6 

0.26 ± 0.09* 
0.28 ± 0.09* 
0.45 ± 0.15* 

1.1 ± 0.5* 
0.68 ± 0.04 

1.20 ± 0.12 
1.4 ± 0.3 
0.18 ± 0.04 

4.8 ± 0.6 

5.9 ± 0.3 (J = 1) 

2.0 ± 0.4 

1.2 ± 0.4 
2.7 ± 0.7 

5.1 ± 0.8 
0.65 ± 0.16 

1.50 ± 0.05 (J = 1) 

0.048 ± 0.007 
2.0 ± 0.3 
0.95 ± 0.20 
1.9 ± 0.3 
1.49 ± 0.18 
0.69 ± 0.018 

2.78 ± 0.08 
0.162 ± 0.008 
0.57 ± 0.06 



* 1 mv = 10~ 8 ev. 

t The resonances have not been identified with a particular isotope, and as a result the neutron widths 
listed are actually aTn and ar»i , where a is the abundance of the isotope. 
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Table 8h-3. Resonance Parameters of Heavy Nuclei (Continued) 



Isotope 


I 


Eo, ev 


Ty, mv* 


T n , mv 


r n °, mv 








1 
2 



1 

2 



1 




i 
f 

1 

! 

7 

1 


12.1 ± 0.1 
23.0 ± 0.2 
39.9 ± 0.5 
46.3 ± 0.5 
48.6 ± 0.7 

63.2 ± 1.0 


,140 ± 60 


0.106 ± 0.013 

1.0 + 0.2 
3.5 + 0.4 
0.43 + 0.09 

.0.65 + 0.08 

1.1 + 0.3 

85 ± 10 
36 + 17 

450 + 90 

260 ± 130 

58 + 6 

4.5 ± 1.4 

5.4 + 0.5 
15 ± 3 
2.8 + 0.8 
35 ± 9 

12 + 4 

0.7 + 0.2 
420 + 30 

30 ± 12 
24 + 6 
200 + 70 

44 ± 18 

12 + 2 

10.4 ± 0.5 (/ =- 1) 

1.6 ± 0.5 

21 ± 7 
40 ± 13 

22 + 10 
3 + 2 
30 + 20 
30 + 20 
24 ± 4 

5.2 ± 0.7 
6.6 + 1.4 
19 + 3 

9 + 3 
19 + 6 
112 + 19 
9 + 4 

45 + 20 
3.4 ± 1.1 
57 + 22 
49 + 22 
480 + 90 
0.56 ± 0.04 


0.031 ± 0.004 
0.21 + 0.04 




140 + 50 


0.55 ± 0.06 
063 + 013 






0.093 ± 0.012 






014 + 04 


6oSn»«. .. 


avg 110 + 30 






96.5 ± 2.0 
280 ± 9 


8.7 + 1.0 






2 2 ± 1 


soSri 11 *. . . 


avg 110 ± 20 






280 ± 9 


27 ± 5 


soSn 1 " . . . 


avg 110 ± 30 






290 + 10 


3.0 ± 1.5 


5oSn"« . . . 


avg 110 ± 30 






112 ± 2 
149 + 4 


5.5 + 0.6 






0.37 + 0.11 


soSn"'. . . 


avg 110 + 30 
106 ± 25 






39.4 + 0.5 
122 + 3 
125 ± 3 
197 ± 6 

259 + 8 


0.86 + 0.09 
1.4 + 0.3 






0.25 + 0.08 






2.5 + 0.6 






0.8 + 0.3 


BoSn 1 ". . . 


avg 110 + 33 






46.3 ± 0.6 
368 ± 14 


0.11 + 0.03 






22.0 ± 1.3 


BoSn 119 . . . 


avg 110 + 30 






1.41 + 3 
222 + 7 
460 ± 20 


2.5 + 1.0 






1.6 ± 0.4 






9 ± 3 


6oSn 120 . . . 


avg 101 + 30 






425 ± 18 


2.1 + 0.8 


BoSn 124 . .. 


avg 110 ± 30 






62.5 + 0.9 
2.334 ± 0.008 
20.5 + 0.3 
31.4 + 0.5 
37.7 + 0.7 
46 ± 1 
66 ± 2 
78 ± 2 
91 ± 3 
0.082 + 0.002 


1.5 + 0.3 


52 Te 1 2«... 
53I" 7 


104 ± 9 

avg 100 ± 30 


6.8 + 0.4 (J = 1) 
0.34 ± 0.10 
3.8 + 1.2 






7 + 2 






3.3 + 1.5 


63 I 127 




0.3 + 0.2 






3 + 2 






3 + 2 


5 4Xe»«. . . 
bbCs" 8 . . . 


86 ± 11 
avg 110 ± 30 
115 ± 20 
120 + 40 
140 ± 60 


83 + 12 




5.90 + 0.04 
22.6 + 0.3 
47.8 ± 0.6 
83.1 + 1.5 
94.8 ± 1.8 
128 + 2 
143 + 3 
149 + 4 
182 + 5 
204 + 6 
224 + 6 
240 + 7 
0.096 + 0.001 


2.1 + 0.3 
1.4 ± 0.2 
2.8 + 0.4 
1.0 + 0.3 






2.0 + 0.6 






9.9 + 1.7 






0.8 + 0.4 






3.7 + 1.6 






0.25 + 0.08 






4.0 + 1.5 






3.3 + 1.5 






31 + 6 


ezSmi". . . 


65 ± 2 


1.81 ± 0.13 



*lmv» 10" 8 ev. 
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Table 8h-3. Resonance Parameters op Heavy Nuclei (Continued) 



Isotope 



6«Eu"i. . 



Eo, ev 



0.0006 ± 0.0010 
0.327 ± 0.003 
0.461 + 0.002 
1.055 ± 0.005 
2.73 ± 0.05 
3.35 ± 0.02 

4.83 ± 0.04 
5.47 ± 0.05 
6.03 ± 0.08 
6.25 ± 0.08 
7.24 ± 0.10 
7.47 ± 0.10 
0.030 ± 0.003 
2.58 + 0.05 
3.35 ± 0.02 
4.99 ± 0.05 
11.14 ± 0.10 
14.4 + 0.2 

21.4 + 0.2 

24.7 ± 0.3 

27.8 ± 0.3 

34.1 ± 0.3 

44.2 ± 0.6 

46.6 + 0.6 
51.1 ± 0.7 

54.9 ± 0.7 

58.7 ± 0.8 

66.1 ±1.1 
74.6 ± 1.3 

78.2 ± 1.4 
3.92 ± 0.03 

12.8 + 0.1 

18.2 ± 0.2 

21.3 ± 0.2 

35.9 ± 0.4 
37.9 ± 0.5 
40.3 ± 0.5 

48.5 + 0.7 

52.2 + 0.7 

55.3 ± 0.8 

66.3 ± 1.1 

70.0 ± 1.2 

73.1 ± 1.3 

83.4 ± 1.5 

87.2 + 1.6 
96 + 2 
104 ± 2 
3.92 ± 0.03 
14.4 + 0.1 

17.6 ± 0.2 
29.1 + 0.3 



avg 85 ± 15 
67 ± 5 
70 ± 10 

93 ±3 

94 + 4 



avg 90 ± 20 



100 + 30 
70 + 10 
avg 90 ± 30 



avg 90 ± 20 

180 ± 90 

60 ± 20 

60 + 30 
60 ± 30 



140 + 60 
260 + 130 



avg 70 ± 20 
75 + 20 
63 + 16 



r„, mv 



0.088 + 0.010 
0.80 + 0.04 
0.27 ± 0.04 
0.08 + 0.04 
3.4 ± 0.4 

0.048 ± 0.0008 
0.133 + 0.018 
0.35 ± 0.05 
0.41 + 0.07 
2.4 ± 0.5 
2.4 ± 0.5 
0.65 + 0.10 

0.43 ± 0.05 
0.055 ± 0.008 

9.2 ± 1.8 
0.54 + 0.11 
2.1 ± 0.2 
5.8 ± 0.7 
0.90 ± 0.12 

3.3 ± 0.7 

5.6 ± 0.8 
15 ± 3 

3.7 ± 0.7 
1.6 ± 0.6 
4.6 ± 1.1 
15 ± 4 

20 + 5 
15 ± 4 
2.5 ± 0.5 
13.1 + 1.8 
0.92 ± 0.17 
0.73 + 0.12 
7.5 ± 1.1 
0.36 + 0.07 

21 ± 3 
25 ± 4 
51 + 6 
7 ± 3 
38 + 6 

1.1 ± 0.4 
35 + 6 

1.2 ± 0.6 
96 + 10 
125 ± 15 
65 + 13 
12 + 4 
5.7 + 0.8 
3.2 ± 0.4 
0.37 ± 0.13 



r„°, mv 



0.10 + 0.02 
0.15 + 0.02 
1.11 + 0.06 
0.25 + 0.04 
0.05 + 0.02 
1.8 ± 0.2 

0.022 + 0.004 
0.057 + 0.008 
0.14 ± 0.02 
0.16 + 0.03 
0.89 ± 0.18 
0.88 ± 0.18 

3.7 ± 0.5 

0.24 + 0.03 
0.025 + 0.004 

2.8 ± 0.6 
0.14 + 0.03 
0.46 + 0.05 
1.17 ± 0.14 
0.17 ± 0.02 
0.57 ± 0.11 
0.84 + 0.13 

2.2 + 0.4 
0.52 ± 0.10 
0.21 ± 0.08 
0.60 ± 0.14 

1.9 ± 0.5 

2.3 ± 0.6 
1.7 + 0.4 

1.3 + 0.2 

3.4 ± 0.5 
0.22 ± 0.04 
0.16 + 0.03 
1.20 ± 0.18 
0.059 ± 0.012 

3.3 + 0.5 
3.6 + 0.5 

7.0 + 0.8 
0.9 + 0.4 
4.6 ± 0.7 
0.13 ± 0.04 

4.1 ± 0.7 
0.13 + 0.06 
10.3 ± 1.1 
12.7 + 1.5 

6.4 + 1.3 
6 + 2 

1.5 ± 0.2 
0.76 ± 0.10 
0.07 + 0.02 



* 1 mv = 10-8 ©v. 
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Table 8h-3. Resonance Parameters of Heavy Nuclei (Continued) 



Isotope 


I 


Ea, ev 


Ty, mv* 


r n , mv 


r«°, mv 


69 TM 169 .. 


1 


>7 


35.2 ± 0.4 
38.1 + 0.5 
45.6 ± 0.6 
51.6 ± 0.7 
59.8 + 0.8 
66.8 + 1.1 
84.4 ± 1.5 
96 ± 2 
104 + 2 
118 ± 2 
0.597 ± 0.003 


110 ± 40 


13 + 2 
0.61 ± 0.12 
6.4 + 1.3 
7.7 ± 1.6 
25 + 5 
100 ± 15 
11 ± 3 
74 + 11 
2.7 + 1.5 
41 + 12 

3.3 + 0.5 

0.093 + 0.009 

0.6 ± 0.2 

0.16 + 0.07* 
0.012 + 0.006* 
0.28 ± 0.03* 
1.2 + 0.02* 
0.062 + 0.012* 
0.044 ± 0.012* 
3.2 + 0.5* 
18 + 3* 

1.4 ± 0.15* 
0.08 + 0.02* 
2.3+0.3* 
0.07 + 0.2* 
4.9 + 0.7* 
0.17+0.06* 
0.27 ± 0.08* 
1.4 ± 0.3* 

9.2 ± 0.7* 

2.3 ± 0.6* 

6.4 + 0.9* 
24 + 3* 

49 ± 6 

1.8 ± 0.5 
5.2 ± 0.9 

5.1 ± 1.5 
11 + 3 

8 + 3 

0.67 ± 0.08 

2.2 ± 0.3 
2.7 ± 0.3 
1.6 ± 0.4 
0.41 ± 0.08 
1.80 + 0.18 

1.2 ± 0.2 
23 + 5 

4.3 ± 0.5 
4.6 ± 0.6 

4.9 ± 0.8 


2.2 + 0.4 
0.10 ± 0.02 






1.0 + 0.2 






1.1 + 0.2 






3.1 + 0.6 






12 + 4 






1.2 + 0.4 






7.6 + 1.5 






0.26 ± 0.14 






3.8 ± 1.1 


voYb 168 ... 
7iLn 17 «... 


70 + 10 
avg 70+20 
63 ± 5 


4.3 ± 0.7 


0.142 + 0.001 
1.57 + 0.01 


0.25 ± 0.03 
0.5 ± 0.2 


Lut 


avg 70 + 20 




1 




if 


2.62 ± 0.02 
4.39 ± 0.03 
4.78 ± 0.03 
5.22 + 0.04 
6.17 + 0.05 
9.8 ± 0.1 
11.3 + 0.1 

14.1 + 0.1 
15.5 + 0.2 
20.0 ± 0.2 
20.7 + 0.2 

22.0 ± 0.2 

23.7 ± 0.2 

24.8 ± 0.3 

27.3 ± 0.3 

28.2 ± 0.3 

30.4 ± 0.3 
31.2 ± 0.3 

37.1 + 0.4 

41.5 ± 0.5 


0.10 ± 0.04* 






0.006 ± 0.003* 






0.128 ± 0.014* 






10.52 ± 0.09* 






0.025 + 0.005* 
0.014 ± 0.004* 




40 + 20 


0.95 ± 0.15* 
4.8 + 0.7* 






0.35 ± 0.04* 






0.018 ± 0.005* 




160 + 50 


0.51 + 0.07* 
0.015 + 0.004* 




70 + 20 


1.01 + 0.14* 
0.034 + 0.012* 






0.052 ± 0.016* 






0.26 ± 0.05* 






1.7 ± 0.3* 






0.41 ± 0.10* 


7*Hf * 7e . . . 


90 + 30 
80 + 30 

60 + 20 


1.05 ± 0.14* 
3.7 ± 0.4* 


30 + 0.4 


8.9 ± 1.2 


72Hfl 77 ... 


avg 56+15 
43 + 10 
63 + 8 




1.08 + 0.02 
2.36 ± 0.02 

5.9 ± 0.1 
6.6 ±0.1 
8.8 ± 0.1 

14.1 + 0.2 

22.2 ± 0.2 

23.5 + 0.2 
25.9 + 0.3 
27.2 + 0.3 
33.2 ± 0.4 
37.2 ± 0.5 

43.6 ± 0.6 

45.7 + 0.6 

46.8 + 0.6 


1.7 ± 0.5 
3.4 + 0.6 
2.1 ± 0.6 




44 + 20 


4.3 ± 1.3 
2.7 + 1.1 






0.18 ± 0.02 






0.59 ± 0.08 






0.57 ± 0.06 






0.33 ±0.07 






0.08 ± 0.02 






0.35 ± 0.04 






0.21 ± 0.04 






3.8 ± 0.8 






0.65 ± 0.08 






0.68 ± 0.10 






0.72 ± 0.12 






• 



* 1 mv - 10~ 3 ev. , IiiL 

t The resonances have not been identified with a particular isotope, and as a result the neutron 
widths are actually aT n and ar„°, where a is the abundance of the isotope. 
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Table 8h-3. Resonance Parameters of Heavy Nuclei (Continued) 



Isotope 



72Hf"8. 
7 2 Hf«». 



72Hf"». . 



7 2 Hfl80. . 

7»Ta"o. . 
7aTa»i. . 



77lr"i. . . 
77lr"»..., 



Ea, ev 



M 



hi 



74W«a . . . 





74W"8 . . . 


* 


7*W18« . . . 





76Rei«. . . 


5 
is 


7 6 Rei«». . . 


i 


7 6 Rei«.*. . 


I 



49.4 ± 0.7 
55.6 ± 0.7 

57.2 ± 0.8 

60.3 ± 1.0 
I 64.4 ± 1.0 
'67.7 ± 1.1 

72.3 ± 1.2 
77.1 ± 1.3 

7.80 ± 0.10 
5.7 ± 0.1 
17.8 ± 0.2 
24.0 ± 0.2 

27.0 ± 0.3 

31.5 ± 0.4 
36.8 ± 0.5 

40.6 ± 0.5 
42.8 + 0.6 

44.7 ± 0.6 

48.1 ± 0.7 

51.1 + 0.7 
51.7 ± 0.7 

52.4 ± 0.7 

53.5 ± 0.7 
55.4 ± 0.8 

61.2 ± 1.0 
63.0 ± 1.0 

73.9 ± 1.2 
0.433 ± 0.004 



4.28 ± 0.02 
10.38 ± 0.10 
13.95 ± 0.12 
20.5 ± 0.2 
22.8 ± 0.3 
24.1 ± 0.3 
I 29.8 ± 0.3 
35.4 ± 0.4 

36.1 ± 0.4 
39.3 ± 0.5 
4.15 ± 0.05 
7.8 ± 0.2 

19.2 ± 0.3 
2.18 ± 0.04 
4.40 ± 0.09 

5.92 ± 0.08 
7.18 ± 0.15 

11.3 ± 0.2 
13.1 ± 0.3 
17.7 ± 0.4 
21.1 ± 0.5 

0.654 ± 0.006 

1.303 ± 0.010 



Ty, mv* 



60 ± 20 



60 ± 20 

30 ± 5 
49 ± 10 
49 ± 6 

49 + 11 

50 ± 10 

51 + 10 

50 ± 15 



40 ± 


15 


70 ± 20 


60 ± 


20 


90 ± 20 


90 ± 


30 


90 ± 


30 



74 + 3 



87 + 3 



IV, mv 



avg 60 + 20 



55 + 5 
18 ± 4 

13 ± 3 
2.8 ± 0.8 
66 + 8 

36 + 4 

14 + 4 
16 ± 3 

49 ± 3 

4.2 + 1.3 
2.0 + 0.2 

5.3 ± 1.4 
1.25 ± 0.19 
6.0 ± 1.2 
17 ± 5 

20 ± 4 
11.9 ± 1.7 
0.41 + 0.12 
0.8 ± 0.2 
0.9 ± 0.2 
0.51 ± 0.10 
0.53 ± 0.10 
0.56 ± 0.12 
3.7 + 0.5 
0.63 ± 0.16 
0.73 ± 0.15 

50 ± 6 
0.12 ± 0.02 



4.3 ± 0.7 
4.5 + 0.5 
1.1 + 0.05 

1.1 + o;o6 

0.25 + 0.02 

7.0 + 0.6 
0.26 ± 0.03 
15 ± 2 

17 + 2 
51 + 5 

1.1 ± 0.4 
2.1 ± 1.0 
250 ± 100 
2.3 ± 0.4 
0.54 + 0.11 

0.25 ± 0.15 
1.1 + 0.5 
4 ± 2 
4 + 2 
12 ± 7 
6 ± 4 



r n °, mv 



7.8 ± 0.6 
2.4 + 0.5 

1.7 + 0.3 
0.36 ± 0.11 
8.2 + 0.4 
4.4 ± 0.5 
16 + 0.4 

1.8 ± 0.3 

17.5 ± 1.0 
18 ± 0.6 
0.47 ± 0.05 
1.1 ± 0.3 
0.24 + 0.04 
1.1 ± 0.2 
2.8 ± 0.8 
3.1 ± 0.6 
18 ± 0.2 
0.06 ± 0.02 
0.12 + 0.03 
0.13 ± 0.03 
0.07 ± 0.02 
0.07 + 0.02 
0.08 ± 0.02 
0.50 ± 0.07 
0.08 ± 0.02 
0.09 ± 0.02 

5.8 ± 0.7 
0.18 ± 0.03 



2.1 + 0.3 
140 ± 0.17 
0.29 + 0.02 
0.24 + 0.02 
0.052 ± 0.008 
143 + 0.13 
0.048 ± 0.005 

2.5 + 0.3 
2.8 ± 0.3 
8.1 ± 0.8 
0.5 ± 0.3 
0.8 ± 0.4 
60 ± 20 

1.6 ± 0.3 
0.26 ± 0.05 

0.10 ± 0.06 
0.4 ± 0.2 
1.3 ± 0.6 
1.0 ± 0.6 
2.7 ± 1.5 
13 ± 0.8 



*1 mv = l0"3 ev. 
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Table 8h-3. Resonance Parameters of Heavy Nuclei (Continued) 



Isotope 



7 9 Aui«. 



7 9 Aui" 



80Hg»«. 
82Pb 208 . 



83 Bi20 9 . . 
9oTh"2. , 



92TJM*. . . 

02U»8. . . 



aNp* 



»4Pu2<°. 



22o, ev 



4.906 ± 0.010 

58.1 ± 0.7 
61.5 ± 1.0 

80.2 ± 1.5 
110 ± 3 
153 ± 4 
168] ± 5 
194 ± 6 

23.3 ± 0.2 
34.0 ± 0.5 
(352 ± 3) X 103 
(524 ± 5) X 103 
(718 ± 7) X 103 
810 ± 30 
2,370 ± 100 

22.0 ± 0.2 
23.7 ± 0.3 
59.6 ± 0.6 

70.1 ± 0.8 
114 + 2 
123 ± 2 
131 ± 3 
152 ± 3 
174 + 3 
195 ± 5 
202 ± 5 
215 ± 5 
226 ± 6 
235 ± 6 
256 ± 7 
269 ± 7 
290 ± 8 
310 + 9 
5.10 ± 0.05 



6.70 ± 0.06 
21.00 + 0.2 
36.9 ± 0.2 
66.3 ± 0.5 
81.3 ± 0.5 
103.5 ± 0.7 
117.5 ± 0.8 
117.5 ± 0.8 
146 ± 3 
166 ± 2 
192 ± 2 



0.489 ± 0.005 
1.34 ± 0.02 
1.49 ± 0.02 
1.06 ± 0.02 



Ty, mv* 



125 ± 30 

124 ± 3 



170 + 80 



145 ± 20 

250 ± 70 



avg 30 + 10 
30 ± 10 
30 ± 10 



19 ± 9 
avg 25 ± 5 

24 + 2 

25 + 5 
29 ± 9 
2.7 ± 1.0 



32 + 6 
32 + 3 



42 ± 15 



Tn, mv 



15.6 + 0.4 (J = 2) 

<10 

110 ± 20 

15 ± 5 

9 ± 4 

50 ± 30 

100 ± 50 

50 ± 30 

5.8 ± 0.5 

78 + 6 

(8 ± 2) X 10« (J - i I ■ 

(6 ± 2) X 10« (J =» f , I - 

(6 ± 2) X 10» (J = |, I 

(5.3 + 1.0) X 103 

(19 + 4) X 103 

2.0 ± 0.4 
3.7 + 0.6 
4.5 ± 0.9 

40 ± 8 

10 ± 4 
27 ± 6 

11 ± 5 
15 ± 6 
70 ± 13 
30 + 14 
19 ± 
2.3 ± 1.2 

41 ± 16 
1.3 + 0.6 
51 ± 19 
22 ± 2 

57 ± 18 
105 + 30 
4.5 ± 0.8 

1.52 ± 0.07 
8.9 ± 0.4 
32.5 + 1.9 
25 + 2 

2.1 ± 0.4 
67 ± 9 

15 ± 2 
15 ± 2 
0.9 ± 0.9 
4 ± 2 
140 ± 20 

0.032 ± 0.002 
0.030 ± 0.006 
0.16 ± 0.04 

3.2 ± 1.4 



r n °, mv 



7.1 ±0.2 (J - 2) 

14 + 3 
1.7 ± 0.5 
0.9 ± 0.3 
4 ± 2 
8 ± 4 
4 + 2 

1.20 ± 0.10 
13.4 ± 1.0 



190 ± 40 
390 ± 80 

0.43 ± 0.08 
0.76 ± 0.13 
0.59 + 0.12 
4.7 ± 0.9 
0.9 ± 0.3 
2.4 ± 0.6 
0.9 ± 0.4 

1.2 ± 0.5 

5.3 ± 1.0 

2.1 ± 1.0 

1.3 ± 0.7 
0.16 + 0.08 
2.7 ± 1.1 
0.08 ± 0.04 

3.2 ± 1.2 

1.4 + 0.7 

3.3 ± 1.0 
6.0 + 1.6 

2.0 ± 0.4 

0.59 ± 0.03 
1.94 ± 0.11 

5.3 ± 0.3 

3.1 ± 0.3 
0.23 ± 0.04 
6.6 ± 0.9 

1.4 ± 0.2 
1.4 ± 0.2 
0.07 ± 0.03 
0.31 ± 0.16 
10.1 ± 1.5 

0.046 ± 0.003 
0.026 ± 0.005 
0.13 + 0.03 
3.1 + 1.4 



* 1 mv = 10-3 ev. 
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Table 8h-4. Resonance Parameters of Fissionable Nuclei 



Isotope 



92U 233 . 

9 2 U J3 * . 



94PU 2 «». 



Eo, ev 



1.76 + 0.03 

0.29 ± 0.01 
1.12 ± 0.02 
2.04 + 0.01 
2.86 ± 0.07 
3.17 ± 0.02 
3.60 ± 0.02 
4.85 ± 0.05 
5.4 ± 0.2 
5.9 ± 0.2 

6.2 ± 0.2 

6.4 ± 0.1 
7.1 ± 0.1 
8.8 ± 0.1 

9.3 ± 0.2 

9.5 ±0.2 
9.8 + 0.2 
10.2 ± 0.1 
0.296 ± 0.004 



Ty, mv 



70 ± 30 

30 + 6 

31 ± 10 
15 ± 15 
27 ± 10 



30 ± 


15 


40 


± 


20 


30 ± 


20 


30 


± 


20 


34 


+ 


14 







41+7 



Tf, mv 



380 ± 50 

110 ± 30 
130 + 20 
20 ± 12 
60 ± 40 
130 ± 40 
110 + 20 
20 + 10 



16 + 6 
30 ± 20 
100 ± 30 



47 ± 7 



r», mv 



0.49 ± 0.03 



0.0040 ± 0.0006 0.007 + 0.001 



r n °, mv 



0.37 ± 0.02 



0.016 ± 0.003 
0.008 + 0.002 
0.004 ± 0.001 
0.024 + 0.003 
0.050 + 0.005 
0.052 + 0.004 

0.04 ± 0.02 

0.04 + 0.02 
0.34 + 0.03 
0.13 ± 0.01 
1.08 ± 0.09 
0.14 + 0.03 

0.06 + 0.03 

0.09 + 0.02 
0.12 + 0.01 



0.015 ± 0.003 
0.005 + 0.001 
0.002 + 0.001 
0.014 ± 0.002 
0.027 ± 0.003 
0.024 ± 0.002 

0.017 + 0.009 

0.016 ± 0.0Q8 
0.13 + 0.01 
0.049 ± 0.005 
0.36 + 0.03 
0.046 + 0.009 

0.02 ± 0.01 

0.027 ± 0.005 
0.21 + 0.02 
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The various types of thermal cross sections are listed in Table 8h-5 for all but the 
heaviest elements, which (to the extent available) are in Table 8h-6. "Reaction 
cross sections'' apply to all cross sections except scattering, and because the former 
are strongly velocity-dependent, they are quoted for 2,200 m/sec neutron velocity. 



I.U 


IK? 

¥5 


[^ 


h»— 


































«. 


K>-' 


V > 


\ 
O 


X 

s 


^ 


^ , 




































\ 

.1 


N> 


X 




^ 


^, 
























H 2 





£ icf 2 




i 


^ 

\ 




s 






^v. 


-v 


** 






100 M 


ev-^ 










r- ,v 




\ 


V 








k 






•s. 




^^ 


















*- 10 




\ 




\ 


fc 




y 


y 








"^ 


^. 












z v 




> 






\ 






N 


N 














'^^CONCRETE 


> \6 4 






\ 




s 


\ 












6 M 


ev 








^ 


^ 




< 






V 


1 M 


8V^ 




t — 








> 


< 


OK 


HSStON 
r NEUTRONS) 




~^ 


K 10* 5 






\ 








\< 


:oncre 


TE 




V 






1 1 
















y 






> 


\/ 










— ^ 




— 1 1 1 1 

^CONCRETE 






io" 6 






H 2 C 


A 








* 


t 




b 


l 2 0- 






^ 


s 
















\ 










\ 














\ 


\ 








in" 7 








\ 










\ 














N 


X 







50 



100 
DISTANCE, cm. 



150 



200 



Fig. 8h-5. Attenuation of neutrons. This figure gives the attenuation of neutrons in concrete 
and water at energies 1, 6, and 100 Mev. The 6-Mev curves can be taken to apply to 
fission neutrons because this is their effective energy for shielding purposes even though 
much higher than the average energy of fission neutrons. The concrete is of density 2.3 
composed of 4 parts limestone gravel, 2 parts sand, and 1 part Portland cement, and is in 
the cured state. Its composition is approximately 70 per cent oxygen, 15 per cent silicon, 
and 15 per cent calcium. The intensity unit refers to the decrease in relative dose rate for 
an incident beam of parallel neutrons, although the intensity unit can be considered as 
roughly equivalent to neutron flux as well. The equivalence of dose rate received from 
neutrons and neutron flux is a result of the fact that the dose rate received from fast neu- 
trons does not vary rapidly with neutron energy in the region of a few Mev. The tolerance 
dose rate is a flux of about 38 neutrons per cm 2 per sec for a 40-hr week at 2.5 Mev and 26 
at 10 Mev, for example. The curves take into account the build-up of neutrons of lower 
energy as the fast neutrons are moderated. 

For those reaction cross sections differing greatly from 1/v (marked "not l/v") a factor 
is given that, multiplied by the quoted cross section, gives the value appropriate for 
a Maxwell distribution — for all others the factor is unity. The "bound-atom" cross 
section listed after o-coh is obtained from the measured free-atom cross section by use 
of the reduced mass factor; the difference between it and <rcoh gives <r inc . The average- 
scattering cross section (averaged over the Maxwell distribution) is listed as a 9 . 
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8i. Particle Accelerators 

E. H. KRAUSE 
Aeronutronic Systems, Inc. 



PARTICLE ACCELERATORS— DESCRIPTIONS 

8i-l. Electrostatic Accelerators. The acceleration of protons with high voltage 
was first accomplished by J. D. Cockcroft and E. T. S. Walton in England in 1929. 
Using a voltage-multiplier device, they obtained protons of energy up to 0.38 Mev, 
and two years later with about half this energy they accomplished the first disintegra- 
tion of the lithium nucleus. At about the same time, R. J. Van de Graaff developed 
his accelerator, the first apparatus constructed attaining 1.5 million volts. 

Today, there are approximately forty small accelerators using voltage multipliers 
and over one hundred Van de Graaff machines in physics laboratories throughout 
the world. The Cockcroft- Walton types are mostly of about 1 Mev energy; the 
most numerous Van de Graaff accelerators are commercially manufactured machines 
of 2 to 3 Mev energy. There are about ten Van de Graaff machines larger than 5 Mev 
in the United States and Europe, the 8.5-Mev machine at MIT being the largest. 

Regardless of the source of high voltage, all these machines accelerate particles 
through a long tube by the potential difference between a high-voltage terminal at 
one end and a grounded shield at the other. The high potential is either plus or 
minus depending on the type of particle to be accelerated. A source of ions, or elec- 
trons, injects the particles by some focusing method at the high-potential end and 
they are accelerated to the target by the grounded electrode at the opposite end. 
They gain energy from the electrostatic field as a fall from terminal potential to zero 
potential. 

The tube, usually made of glass, porcelain, or similar material and evacuated, must 
be long enough to eliminate spark discharge between the ends. Most accelerator 
tubes contain alternate conducting sections (metal plates with holes in the center) 
so that the potential gradient can be distributed along the length by external resistors. 

The simplest, but a limited, method of obtaining high potential is a standard trans- 
former and diode-rectifier combination. Higher voltages can be obtained by the 
voltage-multiplier arrangement of Cockcroft and Walton (C-W) and by the electro- 
static sphere and belt method of Van de Graaff (VdG). The Cockcroft- Walton 
voltage multiplier utilizes a bank of condensers and vacuum-tube or selenium rectifiers 
connected as a series of voltage doublers. By using an a-c source of 400 cps or higher, 
very compact high-voltage supplies can be built. This high-voltage system has the 
advantage of simplicity, with no moving parts. The transformer and C-W types of 
supplies are usually operated at atmosphere pressure in the open laboratory. Cock- 
croft- Walton type accelerators can supply fairly large ion currents at a constant 
energy and are very useful in work requiring particles of no more than 1 Mev energy. 

In the Van de Graaff electrostatic machine (ref. 14), the terminal is charged by 
means of a fast-moving belt which, after having charges sprayed onto it at the ground 
end from a d-c source of about 20,000 volts, travels into the high-potential terminal 
where the charge is drawn off and transferred to the surface of the "sphere." Com- 
pared with about 1 million volts obtained from the voltage-multiplier arrangements, 
the Van de Graaff method can produce potentials of several million volts. The higher 
voltages are obtained by pressurizing the high-voltage system with an inert gas, 
breakdown potential being proportional to the pressure up to about 6 atm. Adding 
small percentages of carbon dioxide and/or freon increases breakdown potential, 
although gases like freon can cause severe corrosion problems resulting from the 
breakdown of the freon during discharge. 
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The continuous, high-intensity, monoenergetic beam from electrostatic accelerators 
is advantageous for many types of nuclear research as well as therapeutic and indus- 
trial applications. Also, the output energy can usually be adjusted up to the maxi- 
mum of the machine. However, accelerators which produce their full energy by one 
single drop in potential are limited to a few Mev. Higher energies must be obtained 
from machines which impart repeated accelerations to the particle. 

8i-2. Cyclotron. In this section the standard cyclotron and the synchro (or FM) 
cyclotron are discussed separately. In Table 8i-2 all types of cyclotrons are listed 
by location. 

Standard Cyclotron. E. O. Lawrence and N. E. Edlefson reported the cyclotron 
principle in 1930, and in 1931 Lawrence, with M. S. Livingston, made the first experi- 
mental machine. This original cyclotron accelerated protons to an energy of 0.08 
Mev. Most of the standard cyclotrons operational in 1954 (nearly 40 throughout 
the world) attain energies of the order of 10 Mev for protons. 

Practically all cyclotrons are positive-ion accelerators. The ions are introduced 
at the center of a gap between two flat semicircular boxes or "dees." These evacuated 
chambers are positioned so that the entire circular area is between the poles of a 
constant-field magnet. The chambers are connected across the output of an r-f 
oscillator. Acceleration starts when the r-f potential attracts an ion across the gap 
into^one of the chambers. Within the field-free chamber the principal force on the 
ion is the perpendicular magnetic field; so it drifts in a half-circle path. At the 
instant it emerges again into the gap the r-f field reverses, the ion is accelerated into 
the opposite "dee," and again it travels a semicircular path of a larger radius. The 
ions thus move in an increasing spiral gaining energy (velocity) at each turn until 
they reach a maximum at the outer periphery. Targets can be placed inside the 
"dees," or magnetic or electrostatic ejection devices can be used to bring the ion 
stream out of the chamber. 

The "standard" cyclotron is based on the Larmor principle that the time for the 
ion to traverse each semicircular path is constant. This fact, which permits using a 
constant-frequency r-f oscillator, results from the basic relationship between the 
magnetic and centrifugal forces acting on a charged particle in a magnetic field: 

Hev=— (8i-i) 

where H is the field strength, e (in emu), v, and m are the charge, velocity, and mass 
of the particle, and r is the radius of the circular path in which it moves. 
For any one path the radius is 

mv 

r = m ( 8i - 2 > 

and the time to traverse it is 

Substituting from Eq. (8i-2) into Eq. (8i-3), 

T= He < 8i - 4 ) 

Since H, e, and m are constant, the orbit time T and the angular velocity are constant, 
provided v is small compared with the speed of light. 

It is apparent from Eq. (8i-4) that the frequency of the r-f oscillator must be 
matched to the field and to the mass/charge ratio of the particle. Thus a cyclotron 
designed for protons requires an oscillator frequency of twice that for deuterons or 
alpha particles of the same energy. The design choice determines the energies 
obtainable from the basic particles. The kinetic energy on ejection is 
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( 



_- 1 (HeRy 

E = -m I ) 

2 V m / C8i-5) 

H*R* e* K } 



m 



where R is the radius of the outer orbit. If H and R are kept constant, E is propor- 
tional to e 2 /m and protons and alpha particles acquire the same energy and deuterons 
one-half that amount. If oscillator frequency is kept constant, E is proportional to m 
and independent of e, so that deuterons and alpha particles acquire two and four 
times, respectively, the energy of protons. This can be shown from Eqs. (8i-4) and 

(8i-5): 

Angular frequency is 

— He 
2irm 

Substituting in Eq. (8i-5), 

E = %r*RWm 

If co is constant, maximum energy is proportional tow and independent of e. 

The positive-particle output of most standard cyclotrons has two to five times the 
energy of that from high-voltage accelerators. The copious, practically continuous 
(pulses are two times oscillator frequency) high-intensity beam can produce large 
yields of neutrons or induced radioactivities. However, the beam contains a back- 
ground of mixed radiations and the particles are of a wide range of energies. Mag- 
netic separation methods are used to sort out reasonably homogeneous beams. Exter- 
nal beams are only a small fraction of the internal intensity. 

As the maximum energy obtained from the cyclotron is proportional to the square 
of the magnetic field and the square of the radius, a practical limit on all cyclotrons 
is the cost of the magnet. Another basic limitation results from the fact that the 
relative mass of an ion increases with velocity, causing a decrease in angular velocity 
so that it arrives late at the accelerating gap. This relativistic-eff ect limitation of the 
standard cyclotron, which occurs at 10 to 20 Mev, is overcome in the synchrocyclotron. 

Synchrocyclotron (FM Cyclotron). A means of overcoming the relativistic limitation 
of the standard cyclotron was suggested independently in 1945 by two physicists — 
V. Veksler (ref. 24) in Russia and E. M. McMillan (ref. 39) in the United States. 
They pointed out that allowance for the increasing mass of the revolving particle 
and the resulting decrease in angular frequency could be made by introducing a 
steady increase in H, so that m/H remained constant, or by steadily decreasing the 
frequency of the r-f oscillator. This was tested by modifying the 37-in. cyclotron 
and then the 184-in. cyclotron, under construction at Berkeley, was redesigned to 
include modulation of the r-f oscillator. In November, 1946, synchrocyclotron 
operation was achieved with deuterons and alpha particles, and with protons in 1949. 

The five large synchrocyclotrons in the United States (1954) produce proton ener- 
gies ranging from 240 to 450 Mev. Plans are complete for rebuilding the 184-in. 
Berkeley machine to bring its output to 700 Mev. 

In the synchrocyclotron the r-f oscillator is frequency-modulated by a rotating 
condenser so as to decrease the excitation frequency applied to the dees in synchronism 
with decreasing orbit frequency of the particle. The design requirement for the 
matching oscillator frequency to the mass /charge ratio of the particle and to the 
magnetic field strength was discussed under Standard Cyclotron. Because modulated 
r-f oscillators suitable for deuterons and alpha particles are incorrect for protons, the 
Berkeley and Chicago machines have dual-range r-f systems. The synchrocyclotron 
at Liverpool also has this flexibility. 

Variation of frequency to correspond to the increase of mass automatically brings 
about synchronization of phase as a result of the relativistic effect; i.e., if a particle 
arrives at the gap late in phase by a few degrees it will receive less energy, there will " 



PARTICLE ACCELERATORS 8-175' 

be less increase in mass, and the orbit time will be shortened. The particle will then 
be advanced mph» on the next orbit. Thus the ions oscillate in phase ablt t£ 
equilibrium orbits which are of increasing radius and energy BecausTof thk nW 
synchronism, the rate at which the radio frequency is decrtLd^ nTcli^ ^ 
■ The University of Chicago synchrocyclotron, for proton acceleration decreases 
he frequency from 28.6 to 18.0 Mc in 2 ^ec. In this time, the ions are carried torn 

2S2T Thevh^eT to ft ° Uter radlUS ° f 76 in " ^ ^ ^ve ^"nerg^Tf 
FM „1J! ^ n aV6l u d a PP roximatel y 350 miles. Modulation frequency for 

FM cyclotrons is usually about 60 cps. The output, therefore, for a single-dee 
machine (one chamber is a "dummy dee") consists of 60 pukes per seLndTSm 

bin^nTa WemT ^ *" ^ "*" ° f ^ ^ "btLed fTm tt coS 
cycSn Th? fl c?T^ e "I Synch f ° nous °P erati °» «* spared with the standard 
cyclotron The acceleration of particles to these energies has opened up new research 

tStoST^r*" Pr ° dUCti0n ' deteCti ° n ' ^ ^ "m^anT he 
distribution of high-energy neutron scattering. Like the standard cyclotron the 

synchrocyclotron has the characteristic of a copious beam of high energy but of 
mixed radiations and energies, so that auxiliary means of sorting and focusing are 
necessary. Because of the cost limitation imposed by the physical size of the m^nTt 
iro^rr^l^^-^ PosiWion^chines will £%& 
w P ™ B f te< f°^ Tb \ Bat machine to produce a usable beam of electrons which 

ZZ7 tf% ^PriorT^ ^r 10 fieW ^ d6Signed aDd ^ ^ W.SJ 
m raw (ret. 2tt). Prior to this, other investigators had pointed out the feasibilitv 

of usmg magnetic induction to accelerate electrons-R. wfderoe in Srmany t S 

M stiL!w m ^ ^ m 1929 ' In 1936 ' a Q*™** i»*«t- was Lied to 

M. Steinbeck for an equivalent device claimed to produce 1.8-Mev electrons in a 
small-m tensity beam. The original betatron of 1940 produced Xrlyfof 2 3 Mev 
Today, the majority of about 20 medium-sized betatrons are in the 25-Mev regioT 
there are two laboratory machines of 100 Mev and one of 340 Mev ' 

As compared with the cyclotron, the betatron accelerates the particle in a' con 

rn!chW CIr T ferential , eleCtriC fieW hatmd <*'* P eriodic W acr" a g£ The" 
machine can be compared with a transformer-the electrons in an evacuated dLhnut 
chamber constituting a secondary winding about the pole of a ^ZpT^S 
electron injected into the chamber with a preliminary high-voltage LdeSn win 
move m a circular path as a result of the p-pandfa^'mJSS^JSS! 
equation of centrifugal and electric forces applies: 



r 



or, setting the electron's momentum, 



eBr 
P =*~ (8i-6> 



fi.Mii k mag ^ etlc / ux encI ^d by the orbit * is increased, a tangential electric 

If 1 ™ rtZ^ ^ ^ ° rbit B * = * /2 ™> which wiU derate TetztZn 
I he magnetic field is so arranged that p and H increase proportionately, theTadTus 
of the orbit wiU remain unchanged; the electron will continue to move KS 

ZTst " ^ ^ m ° mentUm C ° nStantly ^-^ as * i^reted 

J^Z^ Fate ° f inCr6aSe ° f ^ fieW t0 maiatain a -nstanwadius orbit is found 
The rate of increase of momentum of the electron is 



. e<j> 
2xr c 
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which gives ' . 

_ e(<ft — vi) . 

p ~~ 2irr c 
Using Eq. (8i-6) with r = r a , 



_ 4> -■*>■ (8i-7) 



Thus the average magnetic field enclosed by the orbit must be twice the field at the 
orbit in order to keep the radius constant. „„ mt% i P „ chance of 

Because this 2:1 relationship must be maintained, if for example, a change 01 
5,(So gal t required to produce the desired increase of electron ™"^ 
o bit, a change of 10,000 gauss must take place in the c^tral flux J h * re ^ S a 
large magnet, designed for the strong central field and theweaker field at the orbit^ 
The magnet must "also shape the field (rate of change with """Wggj £* 
accomplish radial and vertical focusing of the electrons into the desired orbit (refs. 

6 ' Iteration takes place in the first quarter cycle of the excitation to , the i ^agnet 
At the peak of the quarter cycle of magnetic excitat.on, an auxiliary winding so dis- 
turbs the fiela that L electron stream is deviated from the orbit to the -ner wall of 
the tube where it strikes a target for the production of X rays, or emerges as a beam 

° f fotheToO-Mev betatron an electron makes 250000 turns between injec^on and 
removal traveling 900 miles. The particles gain 400 ev each turn. At ejection, their 
£^£SST£o«t of the speed of light and their mass is 200 times rest mas* 
The be atron is limited, as are all circular electron machines, to a maximum energy 
set by the radiation loss of the electron. The particle eventually loses wh^t * gains 
during each turn. Radiation loss can be reduced by using a large r orbit and by 
imparting greater energy at each turn to reduce the number of orbits This is done m 
SgerTachines,buUtap P ear 8 that500Mevisaboutthelim 1 tthatcanbeobtained 

"^Xc^Synchrotron. In 1046, F. K. Goward and D. E. Barnes in England 
converted a ^Mefbetatron to 8-Mev output by applying the principle of phase 
stSv propo^d by McMillan and by Veksler. In 1947, the betatron group at 
SSeralEric Company applied the synchrotron princip e to ^^oZt 
nhtained enemies of 70 Mev (ref. 35). In the 8 years since the 330-Mev syncnrotron 
tS!£*ZZ operational in December, 1948, about 20 electron synchrotrons 
have been constructed of which 8 are of 300-Mev energy or higher- 

Electron synchrotrons combine the induction action of the betatro wrth ^the prm 
ciple of synchronously imparting periodic increments of energy from an electric held, 
n con It to the synchrocyclotron, synchronism is ■^^ft^X? s^ 
netic field rather than decreasing the oscillator frequency so the Radius is con 
,t«nt The accelerating chamber is either a circular or a racetrack path, the 
magnet J distributed Song its circumference, and because the radius is constant, the 
maSeU rad a w idth C J be kept small. A resonant cavity containing a gap is 
fittedLtc one slgment of the vacuum chamber and connected to a constant-fre- 

TpTralrofmS electron synchrotrons starts out like that of the betatron Elec- 
trons injected into the ring and an increasing field orbits them in a -KM 
about 2-Mev energy betatron action stops because of saturation of the limited sized 
tTof small flux bars. At this point, r-f energy is applied to the cavdy and the elec 
trons receive a thrust at each revolution. The velocity is already 97^9 per cent of the 

increasing to lO^OOO gauss, a factor of 125. An oscdlator of 47 Mc and 3,000 volts 
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maximum connected to one side of the gap imparts 2,000 ev to the particle each time 
it passes the gap in phase. 

The synchrotron output, like that of the betatron and synchrocyclotron, is always 
in pulses at the frequency of the magnetic excitation. The electron synchrotron, like 
the betatron, is subject to the radiation loss of the revolving particle. However, 
because of the principle of phase stability the loss can be compensated to a higher- 
energy level. This compensation, together with the larger orbits obtainable with the 
distributed-type magnet, indicates that the practical limit is between 1 and 2 Bev. 
The Cornell and California Institute of Technology machines are designed for such 
an energy. There is considerable variation in design features among electron syn- 
chrotrons: As examples — at least one machine (at General Electric) is completely 
"ironless"; at Michigan the betatron phase of operation is eliminated by using a 
variable plus a fixed-frequency r-f system; and at Berkeley a linear-electron-accelerator 
injector will eventually replace the need for betatron starting. 

8i-6. Proton Synchrotron. The proton synchrotron, like the synchrocyclotron 
and the electron synchrotron, is based on the synchronous principle described by 
McMillan and Veksler in 1945. The idea of a proton synchrotron was advanced by 
Oliphant as early as 1943. The first particles of 1,000-Mev (1-Bev) energy were 
obtained from the proton synchrotron (" Cosmotron") of the Brookhaven Laboratory 
in May, 1952. In July, 1953, the accelerator at Birmingham, England, was also in 
operation at this energy. In January, 1954, the Cosmotron output reached 2.9 Mev, 
and shortly after this the larger "Bevatron" was in operation at Berkeley. Protons 
of 6 Bev were obtained from the Bevatron in April, 1954. These three machines are 
the only operational proton synchrotrons. Three others, when completed, will have 
higher-energy outputs. The Australian National University at Canberra is building 
•a synchrotron expected to exceed 10 Bev, and the European Council for Nuclear 
Research and the Brookhaven National Laboratories are each planning similar 
machines, to be completed about 1960, which should attain 30 Bev or higher. 

The basic principle of the proton synchrotron is similar to the electron synchrotron 
in that an increasing magnetic field perpendicular to the doughnut vacuum chamber 
induces the particles to travel in a circular orbit and an accelerating cavity imparts 
increments of energy to the particle each trip around. However, protons do not 
approach the constant velocity approximating that of the velocity of light until they 
have attained an energy of 4 Bev as compared with 2 Mev for electrons. Therefore, 
the r-f energy applied to the cavity must increase in frequency as the proton velocity 
increases in order to maintain phase stability. The rate of increase of frequency and 
field must be accurately keyed so as to maintain a constant-radius circular orbit. 

Injectors for proton synchrotrons, operational and projected, include electrostatic, 
linear, and cyclotron accelerators of energies from 0.5 to 50 Mev. High injection 
energy facilitates defining the beam, amplitudes of radial and vertical oscillation are 
reduced, and the frequency range required of the r-f oscillator is less. 

In the cycle of operation, field strength and oscillator frequency simultaneously 
increase for about 1 sec, after which several seconds are required to reestablish the 
magnetic field. The output is therefore a series of pulses at 5- to 6-sec intervals. In 
the Cosmotron, for example, when the field reaches 300 gauss, an 80- to 100-jzsec 
pulse of 3.6-Mev protons is injected into the chamber from a Van de Graaff machine, 
and after a delay of 150 /usee, the radio frequency is applied. Frequency rises from 
an initial value of 300 kc to a final of 4.18 Mc while the field is increasing to 14,000 
gauss. The protons make about 3 million revolutions, acquiring 800 ev each turn, 
and reach the maximum of 2.9 Bev in 1 sec. Pulse frequency is 12 per minute, each 
pulse lasting for about 1 msec and containing 10 10 to 10 11 protons. The protons can 
be ejected from the chamber or directed against probe targets. 

Recently developed "strong-focusing" methods make it possible to confine the 
synchrotron beam to a small cross section (ref. 44). The "alternating-gradient- 
synchrotron (AGS) " design passes the beam through successive magnetic fields of 
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alternating transverse gradients (i.e., alternate positive and negative n values' in 
successive sectors). The resulting reduction in size of the required aperture and 
hence of the guide magnet, makes it possible to go to higher energies without pro- 
hibitive magnet costs. The 30-Bev machines being planned for the Brookhaven 
National Laboratories and the European Council for Nuclear Research (CERN) will 
utilize this principle. The distributed magnet (in an underground tunnel) may be 
as large as 850 ft in diameter, although the aperture will be the order of 1 by 2 in. 
The proton synchrotron has the same advantage over the cyclotron that the electron 
synchrotron has over the betatron— it does not require a solid-core magnet. Its 
distributed magnet is considerably more practical and economical to construct. In 
contrast with the electron synchrotron, the proton accelerator is free of the orbit- 
radiation problem since the proton rest mass is nearly 2,000 times that of the electron. 
At 6,000 Mev, the orbit radiation loss would just reach the negligible value the elec- 
tron loses at 3 Mev. , 
Thus the proton synchrotron ranks highest of the high-energy accelerators. Today s 
machines make available protons of ten times the energy obtainable from largest 
synchrocyclotron. The AGS accelerators planned for Brookhaven and CERN in 
1960 will effect at least another tenfold increase in energy. Such high energies have 
previously been available only from cosmic rays. The availability of ^ laboratory- 
controlled particles in the Bev energy range opens up increasing new fields of nuclear 

8i-6. Linear Electron Accelerator. Linear electron accelerators originated at 
Stanford where W. W. Hansen in 1948 obtained energies of 6 Mev with a 10-ft model 
of his traveling-wave accelerator. The latest Stanford machine was operating^ at 
630 Mev in 1954. In the United States and Great Britain there are about nme other 
laboratory machines in operation at various energies from 0.5 to 38 Mev. Partly 
because of the increasing interest in the therapeutic application, linear electron 
accelerators are now being made by two commercial companies in England. 

The linear electron accelerator devised by Hansen is a wave guide of circular cross 
section divided into sections of increasing length by disks with holes in the center. 
When pulsed radio frequency of about 3,000 Mc is introduced into the guide, the 
wavelength of a given phase is determined by the distance between disks. Wave- 
length and phase velocity increase along the tube as frequency remains constant. 
Electrons are injected into the evacuated tube from a gun and receive acceleration 
from the forward phase of the axial component of the electromagnetic wave. They 
remain in phase with the traveling wave, increasing in velocity and, as they approach 
the velocity of light, increasing in mass. 

Most electron accelerators are traveling-wave tubes. Both pulsed^ magnetrons and 
klystrons are used in various arrangements of power feed. The MK III Stanford 
tube, consisting of twenty-two 10-ft sections, is fed by twenty-two separate klystrons 
driven from a common source. An energy of 630 Mev has been obtained in a beam of 
0.5 *.a average current consisting of 0.3-Msec pulses at 60 pps. It is expected that 1 Bev 
will eventually be obtained from this machine. 

Unlike the proton linear accelerator, the energy of the emergent beam is not rigor- 
ously built into the machine. Since the electrons approximate the velocity of light 
for most of the distance, particles slightly out of phase pick up less energy but remain 
at essentially the same velocity. The energy output can therefore be regulated to a 
considerable extent by varying the power fed to the accelerator. Conversely, there 
is the disadvantage that the beam consists of particles of a wider energy range. How- 
ever the well-collimated high-intensity output plus elimination of the exit problem 
present in the betatron and electron synchrotron make this accelerator very useful 
for nuclear research. It is also receiving increasing use in therapy applications. 1 he 
linear electron accelerator is of course free of the radiation-loss limitation character- 
istic of the orbit-type accelerators. 

i Here n = ~(r/H)(.dH/dr), in obvious nomenclature. 
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8i-7. Linear Proton Accelerator. A linear accelerator for heavy positive ions, 
built by D. H. Sloan and E. O. Lawrence in 1931, was based on a principle suggested 
by R. Wideroe in Germany in 1929. The availability of high-power very-high-fre- 
quency oscillators permitted L. W. Alvarez at Berkeley in 1947 to build a similar 
accelerator for the lighter, faster-moving proton (ref. 51). The only other linear 
proton accelerator is at the University of Minnesota. The first section was operating 
at 10 Mev in February, 1954, and additional sections will bring the output to 68 Mev. 
In England, a 600-Mev linear proton accelerator is in the planning stage. 

The Alvarez design of the proton accelerator utilizes a series of spaced cylinders 
mounted in a straight line within a larger tube. Alternate tubes are connected to 
opposite sides of an r-f source. The protons are accelerated across each gap, the 
lengths of the successive tubes being made so that the particle arrives at a gap when 
the r-f polarity and phase are correct, A proton acquires additional energy (velocity) 
each time it is so accelerated by the potential difference across a gap and drifts through 
successive tubes at a velocity which is constant within any one tube. 

As the proton must go from one gap to the next in one period of the r-f field, the 
frequency and voltage of the standing wave put on the array determine the dimen- 
sions of the tubes, the number of tubes determines the final energy, and flexibility of 
output energy can be obtained only by constructing the array to permit combinations 
of demountable sections. 

The r-f source at Berkeley is actually a series of 28 self-excited oscillators (202 5 
Mc) operating into the one resonant cavity. At Minnesota, the three-sectioned 
accelerator is excited by three power amplifiers operating from a common crystal- 
controlled source. In both the Berkeley and Minnesota machines, r-f energy is 
pulsed and the output beam (Minnesota) consists of pulses of the order of 200 M sec 
at 50 pps. The protons are injected into the accelerator at 4 Mev by a Van de Graaff 
machine at Berkeley and at 0.5 Mev by a transformer-rectifier at Minnesota. 

The long pulse of monoenergetic well-collimated protons obtainable from a linear 
accelerator is particularly useful in certain types of nuclear research, such as proton- 
proton scattering and inelastic scattering of protons for measuring energy levels and 
for work on short-lived isotopes. Because the output beam of the linear proton 
accelerator is within a uniform band of energy and because the machine is inherently 
free from exit difficulties, it is expected that the large accelerator projected for the 
Atomic Energy Research Establishment at Harwell, England, will permit precise 
experiments hitherto impossible with synchrotron and cyclotron accelerators. 
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LOCATIONS AND PRINCIPAL CHARACTERISTICS OF OPERATIONAL 
MACHINES THROUGHOUT THE WORLD 

The information in the following table was, for the most part, obtained from ques- 
tionnaires returned to the editor by the operating laboratories. A few entries were 
obtained from publications and from data supplied by manufacturers. These cases 
are so indicated in the remarks column. 



8-182 



NUCLEAR PHYSICS 



,2 



&J2 



£ £ 

o 



O 
H 

O 



< 

O 
« 



faC g, 

2 5 









£ a 



5 «- 



1 ? 














& i 


i"l 














o <5 


8 • s 














£ 8 

2 -g 


rdata 
ector f 
perime 














> ^ 
S 2 


i :§" b 














■£ .a" 


W5 <N •* 

lO iO u) 


5 


s 


OS 


OO 

eo 


OS 


s 


* O "O "J 
OS O OS OS 


2 2 2 


OS 


o> 


OS 








ti 



55 

o§ § 
o eo e* 



lO CO US ' 

M H M 



os »o c* 



<f !C W * O M 



»-t C* 



(O «o o 






CQ 00 CO, 00 CO IO OO 



: «o »>i co 



fc^ 535 !33 tSj tC3 fc* ^ 



tej Hj ^ U 




eo <m co oo co eq oo 



to IO 





tsD 


^ 


"^ 


_ 


« 


i 


s 


\M 




s 






O 




*• 


O 


«o 






C<l 


eo 







— — ^ 

„; tJ ^ -fl O "O 



ar 



a 






o o t^» 



© »o e oo 

C*j CO <M © ih' 



IO t- t- MS 



e3 "53 



8 8 



1 «. ft 



3 ^ 



O Q 

> > 






ooooooo 

13 T3 "O "T3 TJ "O "w 



O > > > 



£2 



3 ^ 

§ 8 § 
bo W w> 



•S. «a 2 
°72 g 

03 > 



IS g. 



§1 

Jt2 O 



e » S2 a 

j Ml 

3 a e < 



PAETIGLE ACCELERATORS 



8-183 



I 

a 



N ^ W 
IQ « CO 



I 



111 

-9 -o -o 



"1 sal 

O* O) O) O) 



a a 



OSOiOiOiOlOiOiOi 



tat t t n 



3*3 

>o >3 «D r-* © 
es» »© 



NOO 



O N 

8 •& 

§££§£tgt 

a ^ CO * <N 



f j 



.11: 



•2 -3 

r?1 

| .s 



: a 



> o © 

> *o © 

* CO i-> 



a © a , 



6 

o 

> + a , 






© o o o 

, US *0 »© O 



: a 



I OO «D O IQ IO 



X Q, 



N OO N ■* 



csi e» (M 



CSI N N N «5 IN 00 



fc*. U. ft} Sl| fc». SSJ 



ttS Ctj ^ fcqtrj^tq&j^&qfc^ 



*>- e* csi 



t- t» CO 
est est csi. ■«* 



t- t>- i^- 

N CO N 



W5 CSI CSt (O 



t>- t>- csi co 



3 s §p 
•v *f 3 



«- i« 3 ;S H3 «« 






! '£ E *i £ I £ -< 



■S»- 



© l© 

csi ui 



© © © 
est csi csi 



COO»0*«iOrtO 



o»oooo»o , *c<i 

N M N 'Ji N CO th O 



"*. ^ -3 

Rft I 



8 8 

Ph As 



«. o -a 

Is * 



2 

X 



W -e tS T3 -O T3 n 

i a a a a A 



X X & 



> 2' 



o o > 



o 






> > > > 



88 S. 

> s> > 



0>0>>>0> 



■d "d O T3 T3 T3 
> > £ > > > 



S 6 



it 



§ 



I 



•a 

I 



111 

* 08 ft 

•"I ^ e J3 - " 



1* 

OP Q W p £ 



) fe?S 



S-3 



*> rf 5 



I Jf- 



III 



>> >> Jg 



W 'g "g 

J.EJ 

•S 3 3 

»^» p p 




8 «2 



•I-l 



8-184 



NUCLEAR PHYSICS 







J 

1 












us 




















§•-2 


-a 

a 




1 

1 


us 

OS 

! ! 




I 1 

a a 








■*" © <N CO 
l© IQ IQ lO 

o> cs o> OS 


OS CO CO 

T(l * lO 


s 

OS 


5 •**! io US «S US »fl 
*■■■* OS OS OS OS OS O 


CKI OS CM CO OS CO 

>fl <J< 1(5 M CO tt 
OS OS OS OS OS OS 


l(J N M 
ifl W "5 






1 

3 


"K ^ 


'a 'w' 'S 


,-v 


•»• 










a 


IHtt 


tlttt 


f 


tttlta 


uttu 


ct tt A 
4 14 






Jo 

5? 


»C © © © © 

^ CO CO ^ 




us 
CM 


8 


§§ss§7 


7^ J,i<J>i 


s ~! 






-< 






















o 






66 














° & 




o 






o o 














s 1 

CO ■< 


+ § 


*o *o o 

CO CO CO 


8 

CO 


eo *-■ co Z 5=5 co 

US © 
CM © 
CM CM 




§ § | 8 | 

»-< ^-i ■< i-i efl 


© O O 

lO IQ >Q 


? 


Si 




5" 


T*< • • 


TH 


T* 


•* Tf< 




■»t* ^ -f 


o 






<° : : g 


CO C» CO 


CO 


<M O US CO CM US 
« •* CN| l-< 


• O ■«* • OS CO 

• CM CM • CM CM 


CO CO us 


^w 






5 












• 


CO 
















tf 






^a 






















O 






«♦* 


OS 






OS 


OS 


OS US OS 






us 


OS OS OS 


< 






S 


CM 




. °» 


CM CO CO 


CM 


CO QO CM CO •"* CM 




«« CO 


CO CO 


eM CM c» 


<S 






Q 






















W 




















£ 




















W 




















O 


2, 




1 


u ttj tei tei 


&> u us 


fc* 


U SCJ tCJ U ^ b) fc» 


^ m ^ fcs. tcj ^ 


&3 U U 


u 


3 
bC 


















Eh 
















«< 


.3 




















e8 

S3 




<£ 


i>. n iq >o 




t~ 


c^ t«- t^. c 


1 CM 


CM 

t^ t^. t» 


1 




1 
5 


CM CO "*• ■* 


lO U9 lO 


CM 


CM CO CM CM -* CM C 


5 CO O CM CM CM ^ 


CM CM CM 


a 




















w 


























a 












l-t 

as 




I 






j* 


•Z 






a 

H 






** 














i $ 


»o o 

O <M US US 


o o o 


© 


O O O US us O r 


h <M CO O CM O O 


© © © 






§ s 


(M © © US 


CM CM CM 


CM 


us eo oj us e* (M c 


5 O -H CO © <M CO 


CM <M CVI 






H 




















a 111 
o o o o 

8 8 8 8 


t» <a 

8*8 


a 

8 




§ d ^ 
.2 .2 g 

8 8 >5 






H ft 


PW ft, Pm (X, 


Pi Ph 


Ph 


• 


W 


Ci P-> 






o d 


^ 5 58 


§§§ 


9 


O O O O O O p 

T3 T3 T3 T3 "O t> . 




§s§ 






> o o > 


> > > 


> 


>>>>>> c 


; o > > o > > 


> > > 






h a 




















8 : 










: .2 




& 

O 


* J 








» o 






>. a "3 






O 


•« :g 






d 

.2 


p 1 




"c 
c 


S3 O -rt 






d 

I 

cS c 

« i 

sa j 
2 W 


to -*2 

■9 1 

§3 








J 


> ^ 


i 

5 






1 


1 




> 

i I s 




2 £ « 


5 

1 

i 
) 

j 


11 

GQ 93 



PARTICLE ACCELERATORS 



8-185 



s $ 



3 a a 



1 



OS OS OS OS os GO* OS OS OS OS OS OS 




^^fc^U^&sfcq^fcl^ ts> fcj Sis 



C40MOiOC9N«iHiO 






OOi-hO>OOC<IO*00 


O U» O 


NfONOHONOCO 


« V « 



2 !" 



'2 



■d T3 7 T3 T3 T3 -d *5 tJ ^3 TO ^ T3 




3 : *1 *£ 

s $ a 1 1 



II 

I* 

"SO 
I 4 

ir 



09 e» «£J 

I I! 

§ tfa «tJ WS 

S 3 SS 



H 



g 
1 4 



CO •© 

csi us 



U $ U U. 



Hj U 



<M «© © t^. 

*-t © *-h" © 



O O > > O 



£2 2 






8 « 



J3 (§ JS 




II' 



1 •£ 3 t 2 | 






S'S 



*-33S3@ 



a-ise 



NUCLEAR PHYSICS 



1 
II 

O 
I 



■«* CO <M -S 

OS OS OS £ 



*2 

a oo 
S 2 



Ill 

« ft 3 

kc o ^ 

a * jj » 



S S3 



1 



O -H © © 



02 

o 

« 
H 

W 

o 



H-l 



:S 

■3 
H 



1 



<f£ 





O W5 


Tt* CO 


t-3 


t>- -ft 


CO <M 



1 



a a a a 

U5 ^f SO i-H 



fc* u u u 



a 
3 



a a 

C4 CO 



a a 

U3 >o 



a a 

kO U9 



a a 



a « 



s & 



.a-* -5*3 

3 S § "S s§ 

O * s30 






H 



is 



o 10 
>o cm' 









T* 






33 33 

> > > > 



£2 



&r*r 






§9 





*2 
5 



| "1 S « ;■ «S -S °° a *B 

1 3 g 1 18 1 1 I a -g 



'a 



J a 



'3 • o 6 A 

•■§ 1 Z - & 

5 .& J* .§ J> 



§0 * 



- s „ € J « 

••a 1 -i 2 * 

as & .s •§ s £ § m 
2 £ £. 



PARTICLE ACCELERATORS 



8-187 



a» o» r-t o 
M ■* «5 «5 
Oft 03 Ob Oft 



C4 C» 

"8 3 
2^ 



o o 



t 1 1| t 

o o «o a. § 

N « » ^ C» 







6 

o S5 



« « 525 

M5 00 



8 
W 

o 
*3 



GO OO 



.s a 



fc* ^ ^ U. U ^ U U 



-o- 



« « « 



«£5 £2 43 t{3 »» 

(O N (ON t>^ 



.9 . « 



a . s 







£ 2 



00 OO o 

« N H 



' i-« i© © © 

i ^h © i-h" e* 



t^ eo © © 

•©* ©* i-t <M <M 









Details not 


© O ^ 

13 T3 *T 
> > O 


5 5^ 

o o o o 


9 

> 


"O *0 I "T3 T3 

► > o > > 


1 


o 


6 


1 




> 


5 




L> U> D ta & 



8-188 



NUCLEAR PHYSICS 



£ jg 



3 3 



a. 
J8' 



:s 






£ £ 



£ a 



O 



H 
H 

CO 

O 
tf 



00 



1 I 



w 

B 
B 

3 3 M * 

R eS 98 ^ 

1 »C «© w 



a 



w • 


a a 

r-H O 


a a : : 

co >o ; ; 


a 

o 


■«* t» 


t^. co ; ; 


; e ° 



a a 



"3 5 
a a|- 

311 

§ i' 

o g 



a a 



a 
a - 






o >o UJ o < 

rti t-J »-i *-h CO M9 e* < 






„ 2 



T3-OT3 T3 -O -O T3i 

>>> >>> > o 



£53 



2*r 



&r2 



w 


: :3 


J* 


•' 9* 


.2 


; H 


a 


Mm 


H 


11 


s 


8*3 




£ g 


55 


S 



I! 
Ill 



ji 1 
1 § 



-2 2 



I 
11 5 



•• -S J3 2 " 5 

I £ p ° -i § ■ 

a put g !-» 



"S 



£-e« » s «>> ^ 3 Sag i s 

I ^ fe O « 55 D •£ 



hi- 






I 5 



PARTICLE ACCELERATORS 



o 
« 

O 

O 
« 
W 

Q 

< 



O 






8-189 






1 



si 

» 'S3 
II 

_g .s 



1 J 



2 
# g 



.3 
OS s 









I- 



"2 "3 

g a 

c x 



IS 



§ 



i i 



II 






3 * "3 

g-2-2 



**- 



■ H -. » S o © 



Ifii 

s^l > 

§ X S? 
fe « e£ 

fir 1 

•a « j. - 

Jj 2 -8 is 

.S o a £ 

t.S » "x 

""• g 3. x-v e8 

•j § i § fi 
| -g - o | 



■8 I 

a §■ 

a "3 

i s 



.« 



X *° T3 

« -s -2 

S"3 Is 
I & I o 

Pl.§ 

* § a S 



•3 

1 



! 



I 



•i' 






I 



22^22 csicoooooooqo© 



»o CO 
I T eo oo i 



8-eft. "e©.».'w8©,-e8s,"ee 



5 



H 

is 



8* § 



73 






.3 

I 



-^ -S" 8 

1 £ i a 



5 

I 

I 
f 

§ 



8-190 



NUCLEAR PHYSICS 



.3 



55 
O 
« 

S 



o 

tf 

:w 
:o 
:S5 

CQ 

ft 
55 
.-« 

02 
55 
O 
« 

O 

O 



•■e 



II 



go 



s -a- 



fa 






I 



X 

CM 

Ss 



■*i;x! 

§1 1~ 

-3 S5 «~ fl 

i 8 "3 



x i: 

CO & ( 

is 



g 3 



1 £ « °? 



w -fc 8 < .S 



15 



m S 



1 5 



** 

fl CM 

If 






! '£ ? 'a .3 I 

l J 5 J a 1 






lol.s 

ft ® .n A- 
I 1 is 



I 






8 



*3- 
Si 

l-t CO 



ss 

H 






h a 






1 ?2 2 

1 ■**< o 



-OBa. P. ©. "O 8 BTJ; 



O § O O O 



J 

Iff 
.2 I 
fl .33 

a* 



1 



S-8 

3p 



-2 



S'i 

is fc 

o a 



•a 
p 



PARTICLE ACCELERATORS 



8-191 



OS CQ © oo t>- 

Tl< W «5 M ■* 
OS OS os os OS 




8-192 



NUCLEAR PHYSICS 



&J2 



& 



3$ 

o> OS 



O 
h) 

o 
« 
w 
u 

GQ 

Q 

§ 






I 

si 



11 



1 


3 


& 


3 
ft 






o 


* 


X 


^ 


CO 


1 


p. 


8 


* * 


I 



£8 



I 



53 



. a 

.s s 



Eh 



,-H WJ ,-H 

to ■** oo 



2 g ' 



o -S 



>H » 



^l 






-a 
§ 

..I 

1! 






d 



a J 
1*3 






1*| 




PARTICLE ACCELERATORS 



8-193 



oo e» 

CO iO 

o» OS 



is 

» .a 
w 3 



I 



o 

s 



! 



t i 



•a 

I 

S 



fe o 



§ + 



•II 



X 



Si 

S55 



oo »o 






.s .s .a 

>oSos 



s .s 
8 K 



? 






s s 1 1 s 



■I i 

18 






°|l 



5 I 







S -5 

i - g 

! II 



1 4 1 



•a 



•-< «- 'S . .S3 ^3 



.3 U i £ 2 £ | 



« 



1* 

GQ 



55 



1° 




8-194 



NUCLEAR PHYSICS 



2 



i 









O 

PQ 

CO 

00 

9 



O j« 




i 



E| & 

««! Q «< 



1 i 



si 



t ® S . 2 !! -w x ^ 44 x s - 
41^ X^3 X 



a •§ ^ '3 - 
.s ^2 i-t a j 

.S 2 © .S 2 



CM ' 



1 £ 
-77 |'l 

I! 



s « 



•as a 

lis 

O TH <J> - 

X © ft© 



& 
X 



lit 



Hi 












i i j .a . 



a 



.a .s 



I I § 



■ CM CM 

1-H lO 



s s 



.a 



a .a 

CO CM . 

xx: 



.a .a a % 

»© © ° 3 

•a " " S | 

o> X X v -S 



X 

.a 



Ja _ ~ g .a I '•« 



* *"■ *>i cm oo cm cm 



I oo § ' 



I ^ ie n >o > 



»o © C 

«D b- "* 



8 8 



Si S 88SSS 



51 






5 8 2 



I 



I 



§ 
£ 

•■a 
s 



1 



1 * 



PARTICLE ACCELERATORS 



8^195 



3 

<5 



O 
K 

$ 



SI 



2 1 6 
."11 + 
ft* 6- 



•2 1 




X X 

23 



X 



S S 

o o 

eo »o 

oo © 



CO OS 



I 



lis 
•I 1 •" : 



31 &S 



W5 CO 



1 






'.8 8S- 



i 

l 



1 

Si 


5 

'3 


§ § 


c3 


I 

CO 


o 




O 








8-196 



NUCLEAR PHYSICS 



Table 8i-4. Electron 



Location 



Energy 
max, 
Mev 



Beam 



Orbit 
radius, in. 



Magnet 



Type, weight, flux bars 



Gap, in. 



In the 



University of California, 
Berkeley 



California Institute of 
Technology 



Cornell University. 



General Electric Co. 
Research Lab. 



Iowa State. . 



Massachusetts Institute 
of Technology 

University of Michigan. . 



National Bureau of 
Standards] 

Naval Research Labora- 
tory 



Purdue University. 



500 

420 

70 

300 

70 
350 



180 
100 
290 



500 to 1,000 r/min 1 m 
from target. Internal 
beam, 10 8 electrons per 
pulse reach target 

7 X 10 12 Mev/min after ; 
collimation through f-in.- 
diam hole 140 in. fromi 
target, approx 10 u elec- 
trons/pulse 

Approx 10 10 electrons/ 
pulse (strong-focusing) 

1,500 r/min at 1 m inside 

J in. lead 10 10 electrons/ 

pulse 
700 r/min at 1 m inside J 

in. lead 10* electrons/ 

pulse 
[800 r/min at 1 m inside i 

in. of lead 
10* electrons/burst; about 

2,000 mesons per burst 

from an avg target 
10' equiv photons/min, 

10 7 electrons/pulse 



10,000 esu/cc/min t 2.8 
esu/cc/pulse, at 1 m in- 
side £ in. lead 

10 8 electrons/pulse, esti- 
mate 

Central beam Q: lOVmin, 
lOVpulse through 1 X 
0.62 in. at 1.5 m 



138 

~140 

23 

24 

11.5 
40 

40 



30 



40 



Three-leg, 136 tons, 214 
in. 2 X 78 in. 



Distributed, 155 tons, flux 
return both inside and 
outside of orbit 



Distributed, 20 tons, 26 
ft diam, 13,000 gauss 

Three-leg, 8 tons, 21.25 
in.* X 13.75 

Air-core, 16,000 gauss, 
peak 

Servo-controlled alterna- 
tor* 
Distributed, 51 tons 



Three-leg, 16.5 tons, gap 
in middle leg, no flux 
bars 

Two-leg, 150 tons, cylin- 
drical flux bar, 

Air core, 400 lb Cu, 180 
in. 2 X 120 in. 

Distributed, 51 tons, 240 
in. 2 X 27.5 in. 



3.7X4.75 
13.5 X 20 

3.25X5.5 



2.9X3.5 

3.5X7 



1.62 wide 
2.9X3.5 



Location 



Energy 
max, 
Mev 



Beam 



Orbit 
radius 



Magnet 



Type, weight, flux bars 



Gap 



Outside the 



Royal Cancer Hospital, 
London 

Clarendon Lab., Oxford. . 
University of Melbourne 



Queens University, 
Kingston, Ontario 

Lunds University, 
Sweden 

Addenbrookes Hospital. 

Atomic Energy Two 
Research Est. 

Glasgow University, 
Glasgow, Scotland 

University of Johannes- 
burg, S. Africa 



30 
125 
21 



X rays, 8-9 r/min at 1 m, 
un filtered 

30 r/min, 0.01 r/pulse, at 

1 m inside i in. lead, 

2 X 10 8 electrons/pulse 
1 r/min, 3.3 X 10;* . 

r/pulse, at 1 m inside 4 
cm lucite, 2 X 10» elec- 
trons/pulse 



2 r/min, 7 X IO7 4 r/pulse 
at 1 m inside J in. lead, 
10 9 -10 9 electrons/pulse 



10 cm 
18.4 in. 
10 cm 

20 cm 



Central poles with 8 
C-type return paths, 
3 tons 

Split C, 9.75 tons, 64 
in. 2 X 15 in. 

Three-leg, 0.5 ton 



20-leg, 1.3 tons, 3.5 
cm 2 X 19.7 cm 



2.25 in. high 
2.5X4 in. 

6.8X7.5 cm 



* See /. Appl. Phys. 18, 811. 
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Synchrotrons 



Magnet 



Rep. 
freq., 
ppa 



Res. 
freq., 
cps 



Vacuum chamber, 
material opening, in. 



r-f system, type, freq. 

peak power, gap V 

(operating) 



Injection, type, energy; 
at injection/end 
betatron phase 



Date, first operation 



United States 



6 


32.1 


1.0 




30 


30 


60 


60 


12 


300 




52 


2 

6 (later) 


45 


20 


20 


60 


60 


1 


250 


2 
4(later) 


30 



Fused quartz, 2.63 X 
5.38 



0.030 in. stainless steel, 
9.5 X 38 



Pyrex, 1.87 X 6 
Porcelain, 2.25 X 4.5 
Porcelain, 2 X 0.1 

1.62 X 3.25 

Slip-cast steatite, 1.8 X 
6.0 

Ceramic, 2.25 X 6.75 

Pyrex, 4X7, elliptical 
Pyrex, 1.12 diam 



High-V porcelain, 2.12 
X 6.5 



Self-excited, class C, 47.7 
Mc, 6 kw, 3.0 kv 



MO-PA, 20.3 Mc (twice 
the revolution freq.), 0.6 
kw, 6.0 kv 



Self-excited, 47.5 Mc, 
5.5 kw, 1.9 kv 

163 Mc, 0.06 kw, 0.5 kv 
77.8 Mc, 20 kw, 10 kv 

163 Mc 

Self-excited, class C, 46.5 
Mc, 7 kw 

Two stages: FM followed 
by FF. FM: 26.4-32 
Mc, 4 kw; FF: 32 Mc, 

5.4 kw; 2.0 kv 
Cavity, 57 Mc, 1.5 kw, 

1.5 kv 

Cavity, class C, 1,250 Mc 
(20th harmonic of revo- 
lution freq.), 15 kv 

MO-PA, 46.1 Mc, ~1.5 
kv 



Hot-cathode gun, 100 
kv/2 Mev 



Pulse transformer, short 
accel. column, 1,000 
kv/no betatron phase 

VdG, 80 kv/2 Mev 



Pulse transformer, 70 
kv/2 Mev 

Pulse transformer, 80 
kv/3.5 Mev 

Pulsed filament, 60 

kv/2 Mev 
Two-electrode, 80 kv/7 

Mev 

Electron gun with pulse 
transformer, 500 kv/no 
betatron phase 

Lanthanum boride cath- 
ode, 60 kv/1.5 Mev 

35 kv/4 Mev 



Outside-radius gun with 
pulse transformer, 70 
kv/2-4 Mev 



December, 1948 



July, 1952, designed for 
1 Bev, rebuilding 1954- 
1955 



1953 (300 Mev) rebuilt, 
1954 (420 Mev), 
designed for 1 Bev 

October, 1946 



January, 1954 

January, 1950 
February, 1950 

August, 1952 



February, 1954 (180 

Mev) 



March, 1951 



Magnet 



Rep. 
freq., 
pps 



freq., 
cps 



Vacuum chamber, 
material opening 



r-f system, type, freq. 

peak power, gap V 

(operating) 



Injection, type, energy; 
at injection/end 
betatron phase 



Date, first operation 



United States 



50 




4.5 X 2.5 cm 


478 Mc, 4 watts, avg 
~100V 


Eerst, 3 electrode, 50 
kv/gain, 10 ev/turn 


April, 1949 


50 


50 


Lead glass 1 X 3.5 in. 


MO-PA, 102 Mc, 2 kw, 
0.5 kv 


External-diode gun, 60 
kv/3 Mev 


October, 1952 


50 


50 


Porcelain 3 X 1.75 in. 


Self-excited, grind grid, 
480 Mc, 20 watts, 0.15 
kv 


Eerst, 3-electrode, 25 
kv/2 Mev 


December, 1949 




50 






Lanthanum boride cath- 
ode 

Pulse transformer, 18 
kv/2.5 Mev 


March, 1950 


50 


Pyrex 5.3 X 7 cm 


PGT, 238 Mc, 50 watts, 
0.2 kv 


January, 1949 
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8j. Fission-product Chains and Yields 



D. H. PERKEL 
Aerojet-General Nucleonics 

L. LEVENTHAL 
Tracerlab, Inc. 

L. R. ZUMWALT 

General Dynamics Corp. 



8j-l. Fission-product Chains. Table 8j-l comprises a listing of the chain relation- 
ships and half Jives of nuclides produced by thermal neutron fission as reported in 
the literature up to approximately November, 1954. 

The conventions adopted to describe these data are those employed by J. M. 
Hollander, I. Perlman, and G. T. Seaborg (HPS) in " Table of Isotopes/' UCRL-1948, 
revised, December, 1952, x and in Appendix A of "Radiochemical Studies: The Fission 
Products," Book 3, div. IV, vol. 9 of the National Nuclear Energy Series (NNES 2 ). 

A half life given in parentheses indicates the nuclide has not been identified as a 
fission product; a half life given in brackets indicates a limit on the half life has been 
established. The symbol -f> means that the transition does not occur. 

Since HPS represents the most recent compilation of data, references are given only 
for data differing from HPS. Data which do not appear in HPS are designated as 
follows: A horizontal line below the datum or a vertical line to the left identifies the 
source as NNES; a horizontal line above or a vertical line to the right of the datum 
indicates its mention in the General Electric " Chart of the Nuclides," 4th ed., Novem- 
ber, 1952 (GECN). References for Table 8j-l are given on page 8-212. 

The degree of certainty of assignment, where it has been evaluated, is indicated by 
a letter (following Seaborg) : 

A Element and mass number certain 

B Element certain and mass number probable 

C Element probable and mass number certain or probable 

D Element certain and mass number not well established 

E Element probable and mass number not well established 

F Insufficient* evidence 

G Assignment probably in error 
Absence of symbol means there has been no assignment of degree of certainty. Assign- 
ments are shown thus: 




denotes GECN 
denotes HPS 



1 Revs. Modem Phys. 25, 469 (1953). 

'* National Nuclear Ener«y Series, McGraw-Hill Book Company, Inc., New York, 1951. 
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IB 52. Bergstrom: Arkiv Fysik 6, 191 (1952). 
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1C 51. Coryell, C. D., and N. Sugarman: "Radiochemical Studies: The Fission 
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1G 52. General Electric: " Chart of the Nuclides," Knolls Atomic Power Laboratory, 
4th ed., revised to November, 1952. 
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8j-2. Fission-product Yields. The accompanying tables, presenting the experi- 
mentally determined yields of the fission products, are based largely upon those in 
Appendix B of "Radiochemical Studies: The Fission Products," National Nuclear 
Energy Series (NNES), div. IV, vol. 9, edited by C. D. Coryell and N. Sugarman, 
1951. 1 The data in the NNES tables have been augmented by the results of radio- 
chemical and mass-spectrographic investigations published subsequent to the com- 
pilation of the NNES data, to about November, 1954. They include newer values of 
yields in neutron-induced fission as well as yields for charged-particle induced fission, 
photofission, and spontaneous fission. 

The nuclides measured represent members of the beta-decay chains close to the 
stability line; the yield of each tabulated nuclide in general includes the yields of its 
precursors in the chain. Where independent yields have been measured, they are 
indicated by the prefix i:. Since each fissioning nucleus gives rise to two fission frag- 
ments, the sum of the yields of all fission products for each nuclide is theoretically 
200 per cent. The small amount of ternary and quaternary fission is generally con- 
sidered negligible in yield computations. 

Gratitude is expressed to E. P. Steinberg, R. W. Spence, G. P. Ford, and J. M. 
Hollander, for their valuable suggestions and assistance in the compilation of these 
data. References for Tables 8j-2 to 8j-8 are given on page 8-225. 

i Published by McGraw-Hill Book Company, Inc., New York. 
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Mass No. 


Nuclide 


Xja«» 


XJ236 


p u »«» 


72 


Zn" 




1.5 X 10~ 6 (53) 


1.1 X 10* (219) 


73 


Ga" 




1.0 X lO"* (53) 
0.0037 (54) 


77 


Ge" 


0.008 (SI) 








0.010 (S8) 


0.0023 (S5) 




77 


As" 


0.018 (SI) 
0.019 (S8) 


0.0067 (S5) 
0.0091 (54) 




78 


Ge?s 




0.02(54) 










0.018 (S5) 




78 


As" 




0.02 (54) 

i: (1.8 ± 0.6) X 10-« (S5) 


















0.020 (S5) 




81 


Sesim 




0.008 (61) 




81 


Seal 




0.133 (61) 




82 


Brsa 




t:3.5 X 10" 8 (62) 
0.21 (59) 
0.48 (Al) 




83 


Se83 






83 


Br« 


0.70 (SI) 


0.080 (219) 






0.79 (S8) 


0.40(59) 




83 


Krss 




0.586 (Tl) 




84 


Br»* 




0.65 (58) 
1.09 (Tl) 
33 % of Kr g 8 (Kl) 




84 


Kr«* 






85 


Kr8«« 






85 


Kr86 




0.317 (Tl) 










0.24 (69) 




86 


Krs« 




2.09 (Tl) 




86 


Rbs« 




t: 3.1 X 10" 8 (Gl) 










t: 1.8 X 10-" (71) 




87 


Kr87 




70% of Kr 8 8 (Kl) 




89 


Sr«» 


5.6 (SI) 
6.5 (S8) 
4.1 (G2) 


4.6 (76) 
3.2 (G2) 


1.8(219) 


91 


Sr" 




5.0 (73) 


2.3 (219) 
2.8 (219) 


91 


Y»i 


4.1 (G2) 


5.9 (75) 








4.0 (G2) 




92 


Sr 9 » 




5.0 (73) 
5 (79) 




94 


Y»4 






95 


Zr»6 


5.7 (SI) 
5.9 (S8) 
3.9 (G2) 


6.0 (S3) 
6.4 (247) 
3.2 (G2) 


5.6 (219) 


97 


Zr«» 




6 . 2 (S3) 


5.3 (219) 








6.1 (Rl) 


99 


Mo«» 


4.7 (SI) 
5.1 (S8) 


6.2 (96) 
5.9 (W5) 
6.2 (F5) 


6.1 (219) 


101 


Mo 101 




5.4 (W5) 
4.1 (W5) 




102 


Mo 102 






102 


Rh 102 




i: <5 X 10~ 7 (118) 




103 


Ru 108 


0.85 (SI) 
1.6 (S8) 
0.21 (G2) 


3.7 (103) 
2.85 (H2) 
0.84 (G2) 
1.4 (W5) 


5.5(219) 


105 


Ru 108 




0.9 (105) 










0.83 (W5) 




105 


Rh»« 8 






3.7 (219) 
4.7 (219) 


106 


Ru 108 


0.24 (SI) 


0.52 (103) 






0.28 (S8) 


0.38 (H2) 








0.064 (G2) 


0.15 (G2) 




109 


Pd» 09 


0.047 (SI) 
0.040 (S8) 


0.028 (217) 
0.017 (119) 
0.026 (El) 


1.0 (219) 



See page 8-215 for footnotes. 
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Table 8j-2. Thermal-neutron Fission Yields (Continued) 



Mass No. 


Nuclide 


XJ233 


XJ235 


P U 239 


Ill 


Agi" 


0.022 (SI) 
0.025 (S8) 
0.015 (G2) 


0.018 (123, 217) 
0.016 (G2) 
0.018 (El) 


0.27 (219) 


112 


Pdii2 


0.014 (SI) 
0.016 (S8) 


0.0083(217) 
0.011 (119) 
0.018 (El) 


0.10 (219) 


115 


Ag 116 




i: 0.0078 (Wl) 




115 


Cd 116w » 


0.001 (SI) 
0.001 (S8) 


8 X 10-« (125) 

i: <2 X 10-5 (Wl) 

7.1 X 10--«.(W1) 


0.003 (219) 


115 


Cd"5 


0.016 (SI) 
0.019 (S8) 


0.011 (127) 


0.045 (219) 


115 


Total chain 


0.020 (S8) 


0.020 (217) 




115 


Cd 116 




0.019 (El) 










i: 0.0027 (Wl) 










0.0098 (Wl) 




117 


Cd 1 * 7 




0.010 (128) 




121 


Sniai 


0.018 (S2, S8) 


0.014 (S2, 129) 


0.041 (S2, 219) 


123 


S n 123m 


0.0025 (G2) 


0.0012 (130) 
8.5 X 10-4 (Q2) 




125 


S n 126m 


0.054 (S2) 
0.050 (S8) 


0.012 (S2, 129) 


0.068 (S2, 219) 


125 


Sb 126 




0.023(134) 










0.017 (133) 




126 


Sni2« 




0.1 (129) 




127 


Sb"7 


0.092 (SI) 
0.101 (S8) 


0.094 (217) 
0.093 (El) 


0.37(219) 


127 


Tel27m 


0.067 (G2) 


0.033 (136) 
0.015 (G2) 




129 


Tei2»m 


0.22 (G2) 


0.19 (136) 
0.09 (G2) 
0.23 (P2) 




129 


Xe 1 * 9 




<4 X 10-4 (T2) 




131 


Xe 131w » 




0.44 (137) 
0.45 (P2) 










131 


Teisi 




2.5 (P2) 




131 


1131 


2.7 (SI, S8) 
2.4 (G2) 


2.8(217) 
2.23 (Yl) 
3.0 (P2)* 
2.9 (El) 


3.6(219) 


131 


Xe 181 




2.80 (Tl).f 




132 


Tei" 


4.9 (G2) 


4.4 (PI) 
4.9 (G2) 

3.4 (205) 
2.1(137) 

4.5 (P2) 


4.9(219) 


132 


Xei32 




4.17 (Tl) 




133 


Xe 138 




4.5 (PI, P2) 




133 


1133 




4.6 (141) 


5.0 (219) 








5.2 (P2) 










t:.1.2(Gl) 










i: 0.5 (P2) 




133 


Xe 188 




6.29 (Ml) 










6.62 (K2)* 










i: ~0.04% of total yield (K2) 




133 


Cs 138 




103% of Cs 137 (11) 




134 


Te 184 




6.9 (PI, P2) 




134 


1134 




5.7 (Yl, 138) 










7.8 (P2) 










t:1.0(Gl) 





See page 8-215 for footnotes. 
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Table 8j-2. Thermal-neutron Fission Yields (Continued) 



Mass No. 



Nuclide 



Xe» 4 



IU6 

Xe»« 



Cs»" 

I13S 

Xe" 8 

Cs"« 
Cs 1 " 
Ba"» 

Ba 140 



La 140 

Ba*" 

Lai" + Ce 141 

Cei" 

La"' 

Cei" 

Nd*« 

Cei 44 



Nd" 4 
Ndi« 
Ndi*« 
Nd* 47 
Pm»» 
Ndi« 
PmW 
Nd" 
Smi" 
8mi« 
SmiM 

Smi» 4 
Smi" 
Eui" 
Sm"« 
Eui" 

Eui« 
Gdi" 
Eu"8 
GdiBs 
Gd»» 
Gdi«° 
Tbi" 



XJ233 



5.1 (S8) 



1.7 (S4) 



6.0 (SI, S8) 
6.7 (G2) 



3.4 (SI) 

4.1 (S8) 

2.2 (G2) 



0.6 (G2) 



0.078 (SI) 
0.095 (S8) 



1J235 



7.41 (Tl) 

7.81 (W3 revised in K2) 
5.6 (140, 141) 

5.9 (147) 

*: ~0.3 (147) 

i: 3.5% of total Xe 1 " formed (K2) 

i: 2.6% of total Xei 36 (Bl) 

128% of Csi 37 (II) 

110% of OS" 7 (N2) 

3.1 (S4) 
6.14 (Tl) 

6.42 (W3 revised in K2) 
t: 6.2 X 10-3 (Gl) 

6.2 (S8), 6.07 (W3 revised in K2) 

6.3 (161) 

6.1 (G3) 

6.32 (206 corrected)* 

5.82 (205) 

5.6 (G2, G3) 

6.4 (El) 
6.17 (S5)t 

6.2 (W5, H2)f 
i: <0.2 (170) 
4.6(181) 

t: <0.022 of total chain (Fl) 

5.7 (180) 
~3.8 (182) 
5.4(176) 
5.40 (12) f 

5.3 (184) 
2.9 (G2) 

4.64 (12) 
3.62 (12) 
2.81 (12) 
2.6 (191) 
~0.6 (G2) 
1.64 (12) 

1.3 (193) 
0.658 (12) 
0.445 (12) f 
0.279 (12) 
0.15 (217) 
0.16 (El) 
0.0908 (12) 
0.031 (196) 
—0.03 (199) 
0.012 (198) 
0.013 (198) 
0.014 (217, El) 

7.4 X 10-3 (197) 
0.0150 (I2)t 
0.002 (197) 
0.0084 (12) t 
0.00130 (F5) 
0.0027 (12) % 
8.3 X 10-5 (F5) 



p u 28» 



5.5 (219) 



1.9 (S4) 

t: 0.09 (159) 
5.4 (219) 
5.36 (219)* 



4.9 (219) 
5.1 (219) 
3.7 (219) 



0.39 (219, 129) 
0.21 (196) 
0.12 (219) 



* Best value (S8). 

t Assumed value for relative yields in the given reference. 

j Gd values in 12 too high because of Pu contribution (S8). 



8-216 NUCLEAR PHYSICS 

Table 8j-3. Fast-neutron Fission Yields: Thorium 







Xh 232 


Th 232 


Mass 
No. 


Nuclide 


pile neutrons avg energy 


Li + D neutrons between 




2.6 Mev (T3) 


6 and 11 Mev (T4) 


72 


Zn 72 


3.3 X 10" 4 




73 


Ga 73 


4.5 X 10" 4 




77 


Ge 77 


0.009 


0.022 


77 


Ge 77 + As 77 (total 
chain) 


0.020 


0.052 


83 


Br* 3 


1.9 


2.74 


89 


Sr 89 


6.7 


6.7* 


90 


Sr 90 


6.1 




91 


Sr 91 


6.4f 


5.6 


97 


Zr 97 


5.4f 


4.75 


99 


Mo" 


2.9f 


3.1 


103 


Ru 103 


0.20f 


0.51 


105 


Rh 105 


0.07f 




106 


Ru 106 


0.058f 


0.53 


109 


Pd 109 


0.053f 




111 


Agin 


0.052 


0.63 


112 


Pd 112 


0.065f . 




115 


Cd 116 


0.072 


0.76 


115 


Cd 115wi 


0.003 




115 


Cd 115 + Cd 115 ™ (total 
chain) 


0.075 




117 


Cd 117 




0.37 


131 


J131 


1.2 


2.3 


132 


Te 132 


2.4 


1.8 


136 


Cs 136 


0.0017* 




137 


Cs 137 


6.6f 




139 


Ba 139 




9.0 


140 


Ba 140 


6.2 




144 


Ce 144 


7.1 


7.2 



* Assumed value for relative yields in the given reference. 

t Obtained in comparison-type experiments. Yields depend directly on the assumption that corre- 
sponding yields in slow-neutron fission of U 236 are correct (NNES, div. IV, vol. 9, Appendix B). 



FISSION-PRODUCT CHAINS AND YIELDS 
Table 8j-4. Fast-neutron Fission Yields: U 238 and Pu 239 



8-217 







TJ238 


p u 239 


Mass No. 


Nuclide 


est. avg neutron energy 


fission energy 






2.8 Mev (K3) 


(pile) neutrons NNES 


77 


Ge 77 






77 


As 77 


0.0036 




89 


Sr*» 


2.7 




95 

97 

99 

103 


Zr 96 
Zr 97 
Mo 99 
Ru 103 


4.7 

6.4 
6.3 


5.6 (219) 
5.2 (219) 
5.9(219) 


106 


Ru 106 


2.9 




109 
111 


Pd 109 
Agin 


0.064 


1.7 (219) 


115 


Cd 115w 


0.0025 




115 


Cd 115 


0.032 




115 


Total chain 


0.035 




127 


Sb 127 


0.13 




132 


Te 132 


4.7 




137 


Cs 137 


7.1 




139 


Ba 139 






140 
144 


Ba 140 
Ce 144 


5.7* 
4.9^ 


5.0 (219) 


153 
156 


Sm" 3 
Eu 158 


0.073 


0.48 (219) 



* Assumed value for relative yields in the given reference. 



8-218 NUCLEAR PHYSICS 

Table 8j-5. Fast-neutron Fission Yields: 14-Mev Neutrons U 236 







XJ235 


U 235 


Mass No. 


Nuclide 


14-Mev neutrons 


thermal neutrons* 


82 


Br 82 


i: 1.27 X 10~ 3 (F3) 


i:3.5X 10~ 5 (62) 


83 


Br 83 


1.02 (F4) 


0.48 (Al) 


89 


Sr 89 


4.2 (S9) 


4.6 (76) 


91 


Sr 91 


4.2 (S9) 


5.0 (73) 


97 


Zr 97 


5.5 (S9) 


6.2 (S3) 


103 


Ru 103 


3.3 (F4) 


2.85 (H2) 


105 


Rh 105 


1.95 (S9) 


0.92f 


106 


Ru 106 


1.56 (F4) 


0.38 (H2) 


109 


p d 109 


1.21 (F4) 


0.028 (217) 


111 


Agm 


1 . 16 (S9) 


0.018 (123, 217, El) 


112 


Pd 112 


1.44 (F4) 


0.018 (El) 


115 


Cd 115 


0.94 (S9) 


0.011 (127) 


121 


Sn 121 


1.14 (B2) 


0.014 (S2, 129) 


125 


Sn 125 


1.52 (B2) 


0.024f 


126 


Sb 126 


1.48 (B2) 


0.046f 


127 


Sb 127 


1.62 (S9, B2) 


0.093 (El) 


129 


Sb 129 


2.10 (F4) 


0.92f 


130 


Sb 130 


3.3 (F4) 


1.75f 


131 


J131 


4.1 (B2, W4) 


3.0 (P2) 


132 


Te 132 


4.3 (W4) 


4.5 (P2) 


136 


Cs 136 


*:0.24 (F3) 


i:Q.2 X 10" 3 (Gl) 


140 


Ba 140 


4.6 (S9) 


6.32 (206 corrected) 


143 


Ce 143 


3.5 (S9) 


5.4(176) 


144 


Ge 144 


2.4 (F4) 


4.1 (mean of 184) (G2) 


156 


Eu 156 


0.054 (F4) 


0.014 (217, El) 



* The 14-Mev neutron data were quoted in ref. F4 as R values, which were converted to fission 
yields by multiplying by the respective thermal-neutron fission yields. The thermal-neutron values 
selected for the calculations are tabulated here for reference. 

t Values taken from a smooth curve drawn through the known thermal-neutron fission-yield curve 
for U* 86 . 



FISSION-PRODUCT CHAINS AND YIELDS 
Table 8j-6. Charged-particle Fission Yields 



8-219 











Th 232 (T5) 
























No. 


6.7-Mev 


8.0-Mev 


9.3-Mev 


13.3-Mev 


17.8-Mev 


19.5-Mev 


21,1-Mev 




protons 


protons 


protons 


protons 


protons 


protons 


protons 


77 




0.020 


0.034 


0.032 


0.030 




0.052 


78 




0.061 


0.060 


0.047 


0.036 




0.064 


82 








0.010 (max) 


0.0062 




0.0057 


83 




1.67 


1.51 


1.65 


1.51 




1.64 


84 




2.90 


2.53 


2.44 


2.66 




2.49 


89 


6.55 


6.00 


6.24 


5.25 


5.31 


5.01 


5.07 


91 




5.48 


5.15 


4.58 


4.57 




4.61 


95 


5.93 


6.05 


5.29 


4.93 


4.57 


5.14 


4.27 


97 


3.97 


4.08 


4.07 


4.36 


4.08 


4.32 


3.63 


115 


0:51 


0.69 


0.73 


1.22 


1.75 


1.66 


1.74 


131 




2.40 


2.24 


2.27 


2.45 




2.38 


132 




3.03 


3.56 


3.48 


2.38 




3.02 


139 




5.95 


4.75 


4.72 


4.63 




4.96 


140 


2.49 


4.74 


4.90 


4.61 


4.67 


4.71 


4.51 


156 




0.55 


0.037 


0.029 


0.024 




0.023 



Nuclide 



Ca 45 

Fe 6d 

Ni 65 

Ni 66 

Cu° 7 

Zn 7 * 

Ga 72 

Total chain 

Ga 73 

As 74 

As 77 

S e 81m 

Br 82 
Br 83 
Rb 84 
Rb 86 

Sr 89 

Sr 9 ° 

Total chain 
Sr* 1 



Th 232 
37.5-Mev alpha 
particles (N3) 



<0.01 



~0.0037 

< 0.0025 
0.70 



3.7 
2.9 



2.8 



Bi 209 
400-Mev alpha 
particles (P3) 
relative yields 



22 



Bi 209 

190-Mev deuterons 

(G4) 



150 
390 



1,400 
540 



0.002 

0.5 

0.8 

0.11 

0.40 

i:0.35 

i:0.51 

0.86 

0.55 

0.06 

1.5 

0.41 

i: 1.0 

1.7 

0.3 

i: 1.9 

4.7 

i:2 9 

i: 1.6 

4.5 

4.4 
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Table 8j-6. Charged-particle Fission Yields {Continued) 



Mass 
No. 



92 

93 

95 

95 

95 

97 

99 

103 

105 

106 

109 

111 

112 

112 

112 

115 

115 

115 

118 

119 

120 

121 

121 

122 

[123] 

123 

124 

124 

124 

125 

125 

126 

131 

131 

131 

131 

132 

132 

133 

136 

137 

139 

140 

141 

143 



Nuclide 



Sr 92 

Zr 95 

Nb 95 

Total chain 

Zr 97 

Mo 99 

Ru 103 

Au 10 * 

Au 106 

Pd 109 
Agin 

Pd 112 
As 112 

Total chain 
Cd 115 
Cd 116m 
Total chain 

Te 118 
Te 119 

Sb 120 
Sn 121 

r p e 121m 

Sb 122 

Sn 123 (75 d) 
Sn 12 * (130 d) 

J124 

Sb 124 

Total chain 
Sb 125 

J 125 
J 126 
J131 

Cs 131 

Ba 131 

Total chain 

Te 132 

Cs 132 

Ba 133 

Cs 136 

Cs 137 

Ce 139 

Ba 140 

Ce 141 

Ce 143 



Th 23 2 

37.5-Mev alpha 
particles (N3) 



3.0 
2.5 



2.7 
2.4 



3.0 

1.8 
1.1 



1.8 
0.15 



1.2 



Bi 209 
400-Mev alpha 
particles (P3) 
relative yields 



480 
240 



Bi 209 

190-Mev deuterons 

(G4) 



2.8 

i:3.4 
i: 1.5 
4.9 

5.0 

3.9 

3.1 

1.5 

4.6 

3.4 

0.9 

i: 2.8 

3.7 

1.0 

0.7 

0.7 

0.008 

0.14 

0.90 

0.20 
i:0.25 



1.0 
1.0 




i:0AZ 






i:0.12 






0.55 


1.2 




1.2 






0.11 


1.1 


8 


r. 0.002 






i:0A8 






0.18 


1 6 




i: 0.056 


0.041 
6.9 


34 


0.25 
0.12 


2.8 


None detectable 


0.0004 
0.017 


2.2 
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Table 8j-6. Chabged-pabticle Fission Yields (Continued) 



Mass 
No. 


Nuclide 


Th 232 
37.5-Mev alpha 
particles (N3) 


Bi 209 
400-Mev alpha 
particles (P3) 
relative yields 


Bi 209 

190-Mev deuterons 

(G4) 


144 
149 


Ce 144 
Eu 149 
Sm 1 " 
Eu 165 
Eu 156 
Eu 157 


2.2 

0.84 
0.033 
0.047 
0.041 




003 


153 
155 
156 
157 











U 235 


U238 


Mass No. 


Nuclide 


15-Mev deuterons (W5) 


15-Mev deuterons (W5) 






(yields relative to Ba 140 ) 


(yields relative to Ba 140 ) 


99 


Mo 99 


1.42 


1.27 


101 


Mo 101 


1.27 


1.30 


102 


Mo 102 


0.86 


1.06 


103 


Ru 103 


0.44 


0.22 


105 


Ru 106 


0.90 


1.16 


106 


Ru 106 


0.60 


0.30 


140 


Ba 140 


1.00 


1.00 



8-222 



NUCLEAR PHYSICS 
Table 8j-7. Photofission Yields* 









Th 232 


XJ 238 








Bi 209 


max 69 


max 13.0 

Mev (W5) 

Bremsstrahlung 


U"238 


Mass 
No. 


Nuclide 


max 85 
Mev (S6) 


Mev (HI) 

Brems- 

strahlung 


7 Mev (Sll) 
(6.8 ± 0.1) 


77 


Ge" 


~0.3 








77 


As 77 


<0.4 








82 


Br 82 


<0.5 








83 


Br 83 


1.2 


1.9 






84 


Br 84 


<1.4 






1 - - ' 


91 


Sr" 


2.8f 


5.7 






92 


Sr 92 


2.8f 








97 


Zr 97 


3.0 








99 


Mo" 




1.85 


6.8 


6.6J 


101 


Mo 101 






6.5 




102 


Mo 102 






5.0 




103 


Ru 103 






(1.4) (uncertain) 




105 


Ru 10 * 


5.0J 


0.83 


3.15 




109 


Pd 109 


~6.4 








111 
112 
113 


Agin 
Ag" 2 
Ag 113 


~2 8 


90 




0.046 




68 




0.031 


3.0 


0.58 






117 


Cd 117 




0.68 






131 


Te 131 




0.81 






131 


Total chain 




2.25 






134 


J134 


<0.2 








139 


Ba 139 


<0.1 








140 


Ba 140 




6.6 


5.77J 


5.8 


143 


Ce 143 




4.85 







See page 8-224 for footnotes. 



Mass 
No. 



83 

84 

89 

91 

92 

93 

97 

99 

103 

105 

109 

111 

112 

112 

113 

115 

115 

115 

117 

131 

132 

133 

139 

140 

143 



FISSION-PRODUCT CHAINS AND YIELDS 
Table 8j-7. Photofission Yields (Continued) 



8-223 



Nuclide 



Br 83 
Br 84 

Sr 89 
Sr 91 
Sr 92 
Y»3 

Zr 97 

Mo 99 

Ru 103 

Ru 106 

PdioQ 

Agin 

Pd 112 

Ag 112 

Ag 113 

■Ag»« 

Cd 11 * 

Cd 116 ™ 

Cd 117 

J131 

Te 132 

J133 

Ba 139 
Ba 140 
Ce 148 






XJ238 

max 10 
Mev (R2) 

Brems- 
strahlung 



0.300 
0.411 

4.44 



5.11 
4.94 



0.0854 
042 



3.76 

5.58 

6.80 

5.87§ 

5.77 

5.94 



XJ238 

10 Mev 

(Sll) 
(9.7 ± 0.1) 



6.6J 

065 
0.047 



0.030 
0.027 



5.7 



XJ238 

max 16 
Mev (R2) 

Brems- 
strahlung 



0.288 

0.511 

3.67 

4.22 

3.46 

5.29 

6.31 

6.06 

3.61 
0.224 

0.110 

0.0627 



4.43 

5.78 

7.06 

5.97t 

5.77 

5.32 



XJ238 

16 Mev 

(Sll) 

(15.5 ± 0.1) 



6.6J 

0.30 

0.16 

0.0522 

0.16 

0.013 



5.0 



U 288 
max ~17 
Mev (LI) 



4.7 
3.7 
4.9 



-3.5 
1.9 
0.22 

0.14 

0.051 
0.066 



1.8 

6.6 
6.00t 
5.60 
5.2 



See page 8-224 for footnotes. 



8-224 NUCLEAR PHYSICS 

Table 8j-7. Photofission Yields (Continued) 



Mass 




^238 


-Q238 


XJ238 


JJ238 


No. 


Nuclide 


21 Mev (Sll) 


48 Mev (Sll) 


100 Mev (Sll) 


300 Mev (Sll) 


77 


Ge 77 




0.032 






78 


Ge 78 




0.059 






83 


Br 83 




0.59 


0.62 


0.73 


84 


Br 84 




1.03 


1.04 


1.09 


89 


Sr 8 * 


2.6 


2.8 


2.8 


3.0 


91 


Sr 91 




3.9 






97 


Zr 97 


5.7 


5.8 


5.8 




99 


Mo" 


6.6} 


6.6 


6.6J 


6.6J 


103 


Ru 103 


3.0 


2.9 


3.2 


3.4 


105 


Ru 105 




2.5 






106 


Ru 106 


2.1 


2.0 


2.6 


3.0 


111 


Agin 


0.43 


0.77 


1.02 


1.88 


112 


Ag 112 


0.26 


0.52 


0.71 


1.14 


113 


Ag" 3 




0.60 


0.77 


1.21 


115 


Cd 115 


0.25 


0.047 


0.67 


1.15 


115 


Cd 116nt 


0.18 


0.041 


0.048 


0.20 


117 


Cd 117 




0.50 


0.69 


1.04 


127 


Sb 127 (corrected) 


1.12 


1.49 


1.71 


2.38 


131 


J131 


4.1 


4.3 


4.4 


4.6 


132 


J132 


5.0 


4.9 


4.6 


4.3 


133 


J133 




6.2 






137 


Cs 137 




4.7 






139 


Ba 139 




4.6 






140 


Ba 140 


4.9 


5.0 


5.3 


4.8 


141 


Ce 141 




4.9 






143 


Ce 143 


4.0 


3.8 


3.8 


3.6 


144 


Ce 144 


3.8 


3.4 







* For such element heading a column the yields due to photofission by the indicated gamma radiation 
are shown opposite the mass numbers in the first column. 

t Yields of 9.7-hr Sr 91 and 2.7-hr Sr 91 assumed equal for analysis of complex-decay curve. 

% Assumed value for relative yields in the given reference. 

$ Reference value to give integral of the yield-mass curve of 200%. 



FISSION-PRODUCT CHAINS AND YIELDS 
Tab^e 8j-8. Spontaneous Fission Yields 



8-225 



Mass 
No. 



Nuclide 



Th 232 
(monazite) (W2) 



TJ238 

(W2) 



Cm 242 (S7) 



Yield of nuclide Total chain yield 



83 


Kr»3 


84 


Kr 84 


86 


Kr 8 « 


91 


Sr" 


92 


Sr» 2 


99 


Mo" 


103 


Ru 103 


105 


Ru 106 


106 


Ru 106 


109 


Pd 109 


112 


Pd 112 


115 


Cd 116 


115 


Cd 115m 


117 


Cd 117w * 


127 


Sbi" 


129 


Sbi 2 » 


129 


Xe 129 


131 


Te 13lTO 


131 


J131 


131 


Xe 131 


132 


Te 132 


132 


Xe 132 


133 


J133 


134 


J134 


134 


Xe 134 


135 


J135 


136 


Xe 136 


136 


Cs 136 


139 


Ba 139 


140 


Ba 140 



0.036 
0.180 
0.87 



0.036 
0.119 
0.75 







0.509 
3.63 



5.12 
6.00f 



<0.012 

0.455 
3.57 

4.99 
6.00f 



0.94 


1.1 


5.7 


7.2 


9.5 


7.4 


2.9 


0.95 


0.033 


0.003 


0.01 


0.35 


1.3 


2.3 


i:2.0 



5.8 



3.9 



80 

6 

9 



0.95 

1.2 

5.7 

7.2 

9.9 

8.4 

2.9 

1.1 

0.036 
<0.01 
0.37 
1.7 



7.4 

6.0 
8.0 

7.3 



6.6 
5.9 



* Assumed yield from known branching ratio in induced fission, 
t Assumed value for relative yields in the given reference. 
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8k. Nuclear Reactors 

H. S. ISBIN 
University of Minnesota 



. n trT I reaC ° r ' S an """aMy of fiH moderator, and other components such as 
a cont c £\ C °°t T^' SUelding ' and ^mentation, capable of sustaining 
a controlled neutron chain reaction. Smaller subcritical assemblies used to predict 
critical dun«, called exponential piles, and those used to measure diffusion 
sho^rSbi 8kT ^ "" ^ ^^ NUC1 — tors «» ^ d-SES 

, « j TABLE 8k_1 - Classification op Nuclear Reactors 

1. .Based upon purpose 

o. Research, including limited isotope production 
6. Plutonium and tritium production 

c. Power, both military and industrial 

d. Breeding 

2. Based upon nature of assembly 

°" mediate^or 1 ST * neUtr ° U **"** reaction ' neutron ener « ies are thermal, inter- 
6. Fuel-moderator assemblies are homogeneous or heterogeneous 
c. Fuel may be natural uranium (containing 0.7 per cent U»), enriched uranium 
(containing additional U 238 ), TJ m , U 233 , or Pu 239 

d ' utn^dT US6d aie graphite ' heaVy ^ ater > Ji « ht water > beryllium, and beryl- 

UnTtedSH t n 8eCUri ^ Stat T ^ n u Udear reaCt ° rS - M applied to the United States, 
United Kingdom and Canada, ,s that almost all information on low-power research 
reactors » avaikble; information is partially available for higher-power research 
reactors; but only limited descriptions can be given for «^Lrfn^£^2 

Tab e^l 2 PowtTr ?**" °' » Uole ™tor descriptions is present^ 
rZ tr A P0W f t le ^ els * lven P erte m to the rate at which heat is generated in the 
reactor and are not to be interpreted as the generation of electrical power. Neutron 
flux, as neutrons/W-sec, is given in general for, the thermal flux, usually the maxf- 
ofTemarks. ^^ *** ° f ° perati ° n is given in Parentheses under the heading 

„„H n p addi1 ; i0n V% reaCt0rS li8ted ' Several boilin 8 reactor experiments (Borox I II 
and Prototype Boding-water Power Reactor) have been carried out at Arco, Idaho 

cZiT"™ RlVer + React ° r f> CP-6, were completed by 1955 at Aitkin South 
Carolina. These reactors employ natural uranium fuel and heavy-water moderator 

Xe Un1tea1t UC t TT TT " additi ° nal reSearch and test - g -actors! 
™1 * £%? " y COn&led *° modificat ions of the water-boiler, swimming- 

pool, and MTR reactors. An expanded program is under way for mobile reactor 
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units for submarines, shipcraft and aircraft. Both large-scale and small-scale power 
demonstration reactor programs have been started, utilizing pressurized-water, 
sodium-graphite, fast-breeder, boiling-water, homogeneous, hquid-metal-fuel, and 
gas-coolant designs. . . 

Great Britain's first heavy-water reactor, DIMPLE, was placed in operation in 
1954 A higher-power heavy-water reactor is under construction as well as a sodium- 
cooled breeder reactor. The Calder Hall reactors are the first commercial full-scale 
power plants. The reactors utilize natural uranium fuel and graphite moderator, 
and are cooled with C0 2 under pressure. 

The French program includes the budding of two plutonium producing reactors, 
Gl and G2 The startup of Gl was February, 1956. The reactors are natural 
uranium, graphite-moderated units and are to produce electrical power. Air is 
used for the coolant for Gl and C0 2 for G2. Other similar power-producing reactors 
are under study. E.L.3 is a high-flux materials testing reactor and will utdize slightly 
enriched uranium and heavy water. 

Other significant reactor developments are in progress in The Netherlands, Belgium, 
Norway, Sweden, Switzerland, and Canada. 



81. Mesons and Hyperons 

MAURICE M. SHAPIRO 

Nucleonics Division, U.S. Naval Research Laboratory 



81-1 Nomenclature. Mesons are unstable particles intermediate in mass between 
the electron and proton. Hyperons are unstable particles intermediate in mass 
between the neutron and deuteron. So many -nawty pes of mesons ^ h ^™ 
have recently been discovered (LL, LC, RG, BR, BR1 SA, OC, BH, AR, TR BA1, 
FM3 MM)' that confusion in nomenclature has resulted. A systematic notation, 
proposed (AE, TR) as the result of discussion at the International Congress on Cosmic 
RadTation at Bagneres-de-Bigorre, France, in 1953 (BP, SM), has gamed wide accept- 
ance and is employed here: , 

I. 9 Generic symbols (Latin letters) classify the particles according to mass and 
phenomenology of decay, respectively: 

a. Mass categories 2 

L meson (light meson), m e < m L < m v 
K meson (heavy meson), m r < rriK < m P 
Y particle (hyperon), m n < m Y < m d 

(Note that neutrons and protons are excluded.) 

^lorS todSrTaJe 81-1: y =' photon; , = neutrino; ,, „' = neutral parties 
as yet unspecified, which may or may not be alike. 
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6. Phenomenological categories 

V event. Phenomenon interpretable as the decay in flight of a K meson or 
hyperon. Subclasses: "V° event," decay of a neutral particle; U V ± event," 
decay of a charged particle. 

S event. Phenomenon interpretable as the decay at rest of a K meson or hyperon. 

2. A specific symbol (Greek letter) designates each individual type of particle 
(see Table 81-1); capital Greek letters are used for hyperons (for the proton and 
neutron, however, the conventional symbols p and n, respectively, are retained). 

Table 81-1. Charactekistics of Mesons and Hyperons* 
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Mean life, 
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In Mev 










L mesons: 














»± 


273.0+ 0.5 


139.5 


M*+ v 


2.55± 0.10 
X 10-8 


33.9+ 0.1 


Bose 


x° 


263.8 ± 1 


134.8 


I2y 

h + « + + «- 


—5 X 10-" 


134.8 ± 0.5 


Bose 


»* 


206.6 ± 0.5 


105.6 


e ± + 2v 


2.15± 0.05 

X io-« 


105.3 ± 0.3 


Fermi 


K mesons: 














r± 


965.2 ± 1.3 


493.2 


\ (7T ± + 2x0)4 


10-8 


f 74.7 ± 0.5 
\ 84.1 


Bose 


00 


965 + 10 


—493 


ir + + ir~ 


1.6± 0.5 
X 10-w 


214 + 5 


Bose 


xt**, Kt2] 


966 ± 12 


—494 


t± + ir° 


(^10- 8 ) 


219 ±6 


Bose 


Kfl2 


960 ± 15 


—490 


IX + V 


—10-8 


390 ± 10 


Bose 


Kptl*} 
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(~mr) 


M + »7 + v' 
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KeZ 
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(~%) 


* + »7 + n' 








Hyperons: 














A° 


2,181 ± 2 


1,114.5 


v +■«■" 


3.7 ± 0.6 
X lO-io 


36.9+ 0.2 


Fermi 


S + 


2,327 ± 4 


1,189 


\ n+x + 


—lO-io 


] 116 +2 
t —110 


Fermi 


2~ 


—2,325 


—1,188 


n + tt"" 


<10~io 


-110 


Fermi 


S~ 


—2,580 


—1,318 


A» + 7t- 


(—lO-io) 


-65 . 


Fermi 



Parentheses denote information which is probable but not firmly established. The symbols in 
brackets are alternative designations for a given particle. 

* This table was prepared in November, 1954, and is based primarily on the literature published 
prior to that time. A limited revision was possible several months later. However, the very rapid 
advances in the field of unstable particles will certainly have yielded improved data for some of the 
K and Y particles even by the time this goes to press. For references and explanatory remarks, see 
the Notes on Table 81-1, page 8-242. Conversion factors needed in constructing the table were based 
on the same data as in Sec. 8a. Symbols are defined in footnote 2, page 8-240. The estimated uncer- 
tainties are standard errors. 

t Q is the total kinetic energy of the decay secondaries. 

81-2. Characteristics of Mesons and Hyperons. 1 Table 81-1 gives constants and 
decay schemes for mesons and hyperons whose existence is established, though in 
several instances some of their basic properties remain to be finally determined. The 
masses are given in units of the electron mass m e and in Mev. References and notes 
explaining how the numbers in the table were arrived at appear on the following 
pages. 

To keep the references within bounds, only a set of representative papers is 

1 A review of the production and interactions of ir mesons could not be included here 
because of space limitations (see, however, MR1, RA, RA1, BH5). 
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given. Other works can be traced through these. In general, the most precise data 
on L mesons derive from experiments with high-energy accelerators, the detectors 
being cloud chambers, photographic emulsions, and counters. Until very recently, 
information about K and Y particles came principally from cosmic-ray observations 
employing the first two techniques. As this is being written, however, the new Bev 
accelerators are beginning to contribute decisively to this field. 

Notes on Table 81-1. L meson masses: (1) Charged pions. From momentum- 
range comparison with protons (BW1, SF1), the mass of x + is (273.3 ± 0.2)ra e , and 
the mass ratio ir~/ir + is 0.998 ± 0.002. For the x~ mass (CK), the energy of the 
y rays from the reaction p + tT -* n + y yields (272.7 ± 0.3)ra e . Within the pre- 
cision thus far obtained there appears to be no evidence for a difference in mass 
between ir + and x". Accordingly, a single mass value, (273.0 ± 0.5) ra e , is adopted 
here for x*. This value was also used in computing the x° and yfi masses in Table 81-1 . 
(2) Neutral pion. The best mass determinations for x° are based on the x~ — x° mass 
difference. The Doppler shift of the decay y rays from p + x~ -> n -f- x° and 
x° —> 2y yields (PW) a difference of (10.6 ± 2)ra e . The angular correlation of these 
y rays (CW1) gives 8.8 ± 0.6ra e . Adopting the value 9.2, we derive 273.0 — 9.2 = 
(263.8 ± l)m e for the x° mass. (3) Muons. Using the mass difference x + — n + = 
(66.4 ± 0.1)m e (SF2, BW2), we obtain 273.0 - 66.4 = (206.6 ± 0.5)m«. 

L meson lifetimes: (1) Charged pions. Three recent precise measurements for x + 
(in units of 10" 8 sec) give 2.53 ± 0.10 (KW), 2.54 ± 0.11 (JM), and 2.58 ± 0.14 (WC). 
Their mean, 2.55, agrees with the x~ value 2.55 ± 0.19 (DR1). Hence a single 
mean life for x* appears in the table. (2) Neutral pion. Observations on the alter- 
nate mode of decay, x° — > y + e + + e~, yield a "most probable value" of 5 X 10~ 15 sec, 
with the limits 3 X 10~ 16 < T < 1.0 X 10~ 14 sec for the mean life (AB) . The alternative 
mode of decay has a branching ratio of 0.013 ± 0.004 with respect to the usual decay 
into two photons (AB). (3) Muons. The average of three determinations (AL, 
RBI, BW3) has been adopted for the mean life of /»*. 

L meson statistics and spins: (1) Pions. The spin of x + has been experimentally 
determined to be zero (CW2, CD, DR) ; it is therefore a boson. The neutral pion 
must also be a boson, as it decays into photons. Since the number of photons is 2, 
not 3, the x° spin cannot be 1 but must be an even integer, probably zero (YC, LL2). 
The x~, too, is a boson, as can be inferred from the reaction x~" + p — ► x° + n- Its 
spin is also probably zero. (2) Muons. x-j* decay is a two-body process, and the 
neutral secondary is known to have zero or near-zero rest mass. Assuming that this 
neutral particle is a neutrino, in order to avoid introducing a new neutral particle of 
vanishingly small mass, then the muon is a fermion. Moreover, on the neutrino 
assumption, the spin of ju + is ■% since the x + spin is zero. Some uncertainty over the 
decay scheme ji —► e -\-2v persists, partly because of conflicting results on a zero 
cutoff at the high-energy end of the positron spectrum from jx + decay (see BH1, SR, 
VJ, LAI, HH). Should zero cutoff become firmly established, this would strengthen 
the case for a muon spin of -y. 

K mesons: Tau (t*). The Q value 74.7 Mev is that reported at the Padua Confer^ 
ence (PP). Other values, most of them close to this one, have been reported (LW, 
HH1, BC, LD, LD1, DA, CJ1, BG, CM1, AE2). Using this Q value (146.2m«) 
and the *■* mass of 273.0m« adopted here, the mass of r* is 965.2 ± 1.3m e . The 
mean life of t* is 10" 8 sec (AL1, PP, BC). Earlier estimates gave a lower limit of 10"" 9 
sec (FP, HA). Some evidence exists (CJ2, AE1, BP1, SN, BM1) for an alternative 
mode of decay of the tau meson, t* -* x* + 2ir°. The single charged secondary in these 
events, unlike that in most K* decay events with a single L ± secondary, is emitted 
with an energy <53 Mev in the CM system. The expected Q for this mode of decay, 
84.1 Mev, differs appreciably from that for the usual decay into three charged pions, 
in view of the x ± — x° mass difference. 
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0° meson. The two secondaries of 0° decay are L* mesons, and at least one of 
them is a pion (TR, TR1). Double production of 0° and A from x~ + p (TR2, FW2) 
suggests that 0° is a boson, and that the second U 1 meson is therefore also a pion. 
The Q value is 214 ± 5 Mev (TR3, BK). Accordingly, adopting the decay scheme 
0° -► x + + x~ + 214 Mev, the mass of 0° is 965 ± 10m e . The mean life of 0° (GD, 

BK1, AW) is 1.6 _ * X 10~ 10 sec. Anomalous Q values. Among some V° events 

with two L* secondaries, there appear to be some Q values considerably lower than 
214 ± 5 Mev. Some of these are provisionally attributable to the decay scheme 
r° -> x + + x" + x°; others are not (VV, YH). 

other K± mesons: In addition to the well-defined r*, there is evidence for the 
probable existence of at least three or four other types of K ± mesons. These have 
been relatively slow in getting established, mainly because the visible evidence of 
their decay is confined to a single charged secondary, unlike that of the t* or 0°. 
From the XCKV2), this charged offspring is a pion; from the 2C M2 or 2£ m3 , it is a muon; 
and from the K e z, it is an electron. (The subscripts x2, for example, denote a x* 
secondary and two-body decay.) These various types of K± meson will be described 
in turn. 

1. Chi meson (x, K T z, 0*). A pion secondary of apparently unique energy ~109 
Mev is emitted in certain K meson decays in nuclear emulsions (MM), and this led 
to the proposed decay scheme x* — » w* + v, hence the alternative designation K T *. 
The probability that the neutral particle is a x° is supported by observations of 
photon secondaries (BH2, DH, HA1, HE) as well as by other evidence (BM1, HR1, 
GS). Besides decaying into two pions with a Q » 219 Mev, the x has a mass 
(GS, RD) very close to that of the 0°. Therefore, it is natural to regard the x as the 
charged counterpart of the 0°, and the former is sometimes referred to as ± (e.g., 
GM, RM). 

2. Kpt meson. Evidence for a two-body decay, K? — ► m + v (where t\ is an unspeci- 
fied neutral particle), came originally from cloud-chamber observations of a distribu- 
tion of transverse momenta of secondary particles sharply peaked near 220 Mev/c 
(GB). More decisive evidence has recently come from range observations on the 
stopping muon secondaries in cloud chambers (HE), and in emulsions (GS). The 
muon has an energy of about 154 Mev. Although at first the K^ mass appeared to 
be appreciably lower than that of the t* more recent measurements (GS, RD) suggest 
that it is quite close to the tau mass. Actually, in an experiment at the Bevatron, 
the mass difference t + — K + was found to be 5 ± 5ra e , using momentum and range 
for mass determination (FS). (In these measurements "K + " was defined as a 
positive K meson decaying into a particle with near-minimum ionization. The K + 
collection probably consisted mainly of K^ and x mesons with a slight admixture of 
Kpz and K e z.) The lack of secondary photons associated with the decay of Kpt 
under conditions in which the tracks of electron progeny would be visible makes it 
very unlikely that the neutral secondary is a pion or photon. Hence the decay 
scheme commonly assumed is Kp* — ► /* + v y and this implies a Q value of ~391 Mev. 
From both cosmic-ray and Bevatron experiments, the mean life appears to be 
~10~ 8 sec (RD). 

3. K^ meson f also called kappa 1 (k), has a muon secondary which has been observed 
to be emitted with various energies (OC, MM, HT, IN, BA, YC1). One assumes, 
therefore, a three-body decay, K^z — > n + t\ + t\ f . The identity of the neutral 
secondaries 17, 17' is unknown at the time of this writing. There is no evidence against 
the scheme k -* n + 2v, and on this assumption the mean life has been calculated 
to be ~10~ 9 sec (DJ1, DN). Experiments indicate that it lies between 4 X 10~ 9 sec 

1 Note that the kappa is a particular type of K meson. Hence the specific symbol k 
should not be confused with the generic designation K. 



8-244 



NUCLEAR PHYSICS 



and 10~ 8 sec (NJ, AJ, DR2, BK2, ML, BH3, YC1, BC, HR4). However, some of 
these experiments probably involved a mixture of various K mesons. The emission 
of two neutrinos would of course imply that the kappa is a fermion. Current theo- 
retical views (GM), on the other hand, favor the assumption that K mesons are 
bosons. Modes of decay consistent with this idea [e.g., k — » ju + v + (x° or 7)] are 
not, thus far, excluded by experiment. The masses reported for the kappa range 
from approximately 900 to l,500m e (VP, PC), with some clustering of values near 
1,000m. (MM, HT, DR2, SMI, SM3). There is no clear evidence that the kappa 
mass differs significantly from those of the better-known K mesons, hence the entry 
(~m T ) in the mass column of Table 81-1. 

4. K e z meson. Some K mesons arrested in nuclear emulsion have a singly charged 
secondary which suffers along its path Bremsstrahlung loss of a magnitude expected 
for electrons but not for L mesons (FM3, DCl, KM, GG, HH1). The electrons so 
identified are emitted with various energies; 1 therefore, a three-body decay scheme 
is assumed: K e z — > e + rj + v f , where, as for the K^z, the neutral secondaries are not 
yet identified. In mass, the K e z meson appears close to the r (RD). The remarks 
on statistics made above for the kappa apply as well to the K eZ . In fact, the K^z and 
Kez may turn out to be a single type of K meson which undergoes alternative modes 
of decay. 

Negative K mesons have been observed as V and S events in cloud chambers, and 
by their nuclear absorption in photographic emulsions (VP, p. 196; FW, LD, HJ, 
HJ1, HJ2, HR2, SN, SM3, TG, DH1, BK1, CW5, FW7). The latter have been 
observed much more rarely than K decay events. 

Production of K mesons with the Brookhaven Cosmo tr on (HR4, HJ1, HG) and 
the Radiation Laboratory's Bevatron (KL, BR2, BR3, CW4, GG, RD) has begun 
to be copious and will make possible a rapid growth of our knowledge of the inter- 
actions and other properties of K mesons. 

Neutral hyperon A . Although the A was discovered and has been mainly observed 
in cloud chambers, the most precise Q values (and hence mass values) have resulted 
from range measurements in emulsion (FM1). These yield Q = 36.9 ± 0.2 Mev 
and m = 2,181 ± 2m e . Cloud-chamber results are in good agreement (TR1, BH4) 
or fair agreement (AR, VV1) with this Q value. Mean-life measurements from 
various laboratories yield an estimate (PD1) of 3.7 ± 0.6 X 10~ 10 sec. The decay 
products of the A are p and 7r~; since ir~ is a boson, A must be a fermion. Many 
anomalous Q values have been observed for V° events which have decay products 
resembling those of the A . 

Charged hyperons: 2 + . This hyperon appears to have two modes of decay. The 
Q value, and hence the mass, of S + is best known from its decay into a proton and 
(presumably) ir°. When S + decays after coming to rest in emulsion, the proton has a 
definite range (~1.67 mm) and therefore an energy which can be precisely measured. 
From this, the Q and mass are rather well known (BA1, CC, BM2). The alternative 
mode of decay S + — > n + ir + has been inferred from observations of the secondary ir + 
(LD2, KD, CM2, YC1, FM2), which yielded an approximate mean of 114 Mev for 
the Q value. However, in typical emulsion observations, the energetic pion leaves 
the stack; so its energy (and therefore the Q value) is not so precisely determined as 
that of the short-range proton in the first mode of decay. What is probably a better 
value, ~110 Mev, is obtained by computing the Q for the alternative decay scheme 
using the known 2+ mass, 2,327 ± 4m e . The mean life of 2+ is estimated to lie 
between 10" 11 and 3 X 10~ 10 sec (YC1, BC). The symbol 2+ rather than A+ is 
employed because this particle does not appear to be the charged counterpart of the 
A . Like the latter, it decays into a nucleon and pion, but its Q value is quite different 
from that of the A . 

1 From 20 to ~260 Mev, in the first seven examples of K e z. 
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- 2T hyperon. Observations have been reported (FW3, HE, p. 97, YCl) of a nega- 
tive counterpart of the 2+ which decays according to 2~-+ n + ir~. In emulsion 
this process is ordinarily indistinguishable from 2+ -> n + x + since the fast pion's sign 
is unknown unless it is arrested in the emulsion (and this is likely to happen only 
in a rather large stack). In such cases, the event must be labeled S*-^ n + ir±. 

"Cascade hyperon" E~ This higher-mass hyperon is observed in cloud chambers 
as a V event m which a A° (or rather, its pair of charged secondaries) appears near 
the decay point of the F~, hence the phenomenological name "F-particle cascade" 
(AR1, AC, CE). The charged secondary of H~ is an L" meson, very probably a 
pion. Thus, in the scheme S" -+ A° + tt", the parent as well as the daughter hyperon 
each gives rise, successively, to a x~. The Q In the primary decay is -65 Mev; that 
m the decay of the secondary A is, as usual, 37 Mev. 

There is some evidence for nuclear interactions of charged hyperons (FM2, JR, HE). 
Associated production of hyperons and K mesons (PA, NY, PD2) according to the 
scheme w + p->Y+K, where the products may be either charged or neutraL has 
been observed (FW2, FW3, FW5, DC, TR2). At a pion energy of 1.5 Bev the cross 
section for this process is -1 millibarn (FW4). The term "associated production" 
also embraces interactions in which a K meson is absorbed and a Y particle emitted 
(e.g., DH1, HJ1), or in which both a K meson and hyperfragment (see below) are 
emitted (DAI). Simultaneous production of S~ and two 0° mesons has been observed 
(TG, GM2). There is also an indication of associated production in nucleon-nucleon 
collisions (BM3). 

Classification schemes have been proposed (GM, GMl, GM2, SRI) for K mesons 
and hyperons based on the assignment of an isotopic spin to each, and the correlation 
of their properties with this quantum number. The existence of additional unstable 
particles has been inferred from such schemes. At least one of these, a charged 
hyperon even heavier than the E~, has possibly been observed (EY); others, such as 
the S°i would be difficult to detect. 

Hyperons as excited nucleons. The modes of decay of Y particles suggest that a 
hyperon is an " excited nucleon" which transforms into a lower-energy nucleon by 
emitting a pion. This view gains support from the production of hyperons in col- 
lisions in which the primary energy is insufficient to provide the rest mass of the 
hyperon (FW1, FW2, SM2, PC2). Moreover, under certain conditions a hyperon 
can apparently take the place of an ordinary nucleon in an excited nuclear fragment 
(DM), as discussed below. 

Bound hyperons; hyper fragments. The disintegration of certain unstable nuclear 
fragments produced in high-energy collisions is interpreted as due to the decay of 
bound A particles contained in these "hyperfragments" (DM CP BA2 TD CJ3 
FP1, HR3, FW4, FW6, GR, SN1, PC2)> This decay may be "mesonic> in which 
case a pion is emitted, or "nonmesonic," in which event its rest-mass energy is 
available for the kinetic energy of the fragment's disintegration products (CW3) 
There is evidence that a A particle is bound more weakly than is the neutron which 
it supplants. A notable example is the hyperfragment 4 He* (HR3, SNI) The 
existence of hyperfragment *H* has been predicted (DR3) and independently observed 
(GS). Also, the possibility of various dinucleon hyperfragments has been proposed 
(PH), including that of an excited dineutron; decay of the latter may have been 
observed (LD). 
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8m-l. Introduction. Health physics, or radiological physics, is a branch of physics 
relating to other sciences and in particular to biology, chemistry, industrial hygiene, 
and engineering. It deals with the scattering and loss of energy of ionizing radiation 
and the damage produced by this radiation in passing through matter. It relates 
to the design and proper use of sources of ionizing radiation, instruments for measuring 
the properties of this radiation, the absorption and scattering of this radiation in 
protective shields and in human tissue, engineering problems associated with the 
construction and use of facilities for the proper handling of sources of ionizing radi- 
ation, and the setting and enforcement of proper standards of radiation protection. 

Definition of Units and Terms Commonly Used in Health Physics 

Roentgen (r). That quantity of X or gamma radiation such that the associated 
corpuscular emission per 0.001293 g of dry air (equal 1 cc at 0°C and 760 mm Hg) 
produces, in air, ions carrying 1 esu of quantity of electricity of either sign. 

Roentgen Equivalent Physical (rep). That amount of ionizing radiation of any 
type which results in the absorption of energy at the point in question in soft tissue 
to the extent of 93 ergs/g. It is approximately equal to 1 roentgen of about 200 kv 
X radiation in soft tissue. 

Rod. An ionizing radiation unit corresponding to an absorption of energy in any 
medium of 100 ergs/g (1 rad in tissue ■== 100/93 rep). 

Roentgen Equivalent Man {rem). That amount of ionizing radiation of any type 
which produces the same damage to man as 1 roentgen of about 200 kv X radiation. 
(1 rem «1 rad in tissue/RBE. It should be noted that, when the physical dose is 
measured in rep units, the approximate definition is used: 1 rem « 1 rep/RBK) 

Relative Biological Effectiveness (RBE). The biological effectiveness of any type 
of energy of ionizing radiation in producing a specific biological damage (e.g., leukemia, 
anemia, sterility, carcinogenesis, cataracts, shortening of life span, etc.) relative to 
damage produced by X or gamma radiation of about 200 kv. It is given frequently 
as an average value in the common energy range of a particular type of ion (see 
Table 8m-2). 

Curie, (c). A unit of radioactivity defined as the quantity of any radioactive 
nuclide in which the number 6f disintegrations per second is 3.700 X lO 10 . Latest 
measurements of the half life of Ra 226 seem to indicate that the activity of a gram 
of Ra 226 is slightly less than 1 Curie. 

Bragg-Gray Principle 1 and applications of it are used as the b&sis of many measure- 
ments of ionizing radiation. According to this principle the energy loss (dE/dm)b of 

1 W. Bragg, "Studies in Radioactivity," 1912; L. H. Gray, Proc. Roy. Soc. (London), 
ser. A, 122, 647 (1929) ; 156, 578 (1936) ; Brit. J. Radiol. 10, 600, 721 (1937) ; Proc. Cambridge 
PhU. Soc. 40, 72 (1944). 
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ionizing radiation absorbed per unit of mass of a given medium is related to the 
ionization absorbed in a small gas-filled cavity in said medium by means of the 
following expression: 



(£). - w> 



where P b is the relative mass stopping power of the medium with respect to the gas, 
W g is the average energy required to produce an ion pair in the gas, and /, the quantity 
that is usually determined experimentally, is the number of ion pairs produced per 
unit mass of the gas in the cavity. It should be emphasized that, in order for this 
principle to hold, the gas cavity must be small compared with the range of the ionizing 
particles and both W g and P h must be independent of the energy of the radiation. 
A special application of the Bragg-Gray principle is to construct the Walls of the 
chamber and the gas of the same material, e.g., air or tissue equivalent, and under 
these conditions the principle applies when the cavity is large compared with the 
range of the ionizing particles. 

Conversion Equations Relating Dose to Flux 

VJ - 2.08X10Wq 7.1X10* V x , ■'. 

r ~ Qi-*.)Jl ** (v-^aE P hot °ns/cm^ 
i \-/h* - 0-579TT ,- 5.6 X 10** 

' ~ (n -<r,) a E E pbotons/cm^ sec 

,' oA 8.07 X 1 10 "'"V 
lrad= WM Pora/cm* 

1 rad/hr - 2:24 X 1Q7 ~ 6l "X 10 5 t a/ ' 
1 raa/nr - W o Pt ~ <r 0/cm* sec 



WaSaPt ~ S 

1 radAr « 5dXJ0^ a/cm2 





sec 



In these equations W* is the average energy per ion pair (ev/ip), S a is the average 
specific ionization (ip/cm), and ( M - *.)* is the total coefficient of absorption minus 
the Compton-scattering coefficient^ of energy, ,E-. (Mev), in air. P t is the relative 
mass stopping power in tissue relative to air. The final values given in the above 
equations are for density of air, p a = 0.001293 g/cc. 

8m-2. Equations Used Frequently in Health Physics. Common Shielding Equations. 
point source: Dose rate at distance X (centimeters) from a 1-curie point source: 

1,5 2 (m ~ "JiEie'^xfiBdO* 

X 2 Z, .XK 

i 

in which Ri «*■ r/hr at I cm distance from a 1-curie point source emitting photons of 
energy E 4 (Mev), R* - total r/hr at distance X (cm) from a 1-curie point source, 
m is the total coefficient of absorption (in cm" 1 of medium between source and point 
of measurement), /< is the fraction of emitted photons having energy E if and ( M - «r.)< 
is the total minus the Compton-scattering coefficient of absorption (in cm" 1 of air) for 

♦Final approximate equation correct from 0.07 to 2.0 Mev within about 12 per cent 
assuming TF == 34 ev per ion pair. ' 

t S- na J a PP roxilliate equation correct from 0.01 to 2.0 Mev within about 6 per cent 
| Final approximate equation correct from 1.0 to 6.0 Mev within about 6 per cent. "' 
ml A S ; S n y i? r and J. L. Powell, Absorption of 7 -Rays, Report ORNL-421/ March, 
1950;^. K White, X-ray Attenuation Coefficients from 10 kev to 100 Mev, Natl. Bur. 
Standards (U.S.) Rept. 1003, May 13, 1952. 
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photons of energy E t . The term £* is the build-up factor due to the scattered radi- 
ation of energy Ei. Its value 1 depends upon the width of the beam and the distance, 
volume, and atomic number of the scattering medium. For a short distance X from 
the point source (i.e., a few meters) in air 

*i*Bi « 1 

General Equations Applied to Beta Radiation 

1. Range of beta radiation 

X « i[ .54# m - 0.13(1 - e-«-*f}] 
P 

in which X = range in centimeters of medium of density p (g/cc). The maximum 
energy of the beta radiation is E m (Mev). 

2. Average energy of beta radiation is given approximately by the equation 

jt-w«..(i -§)(i+¥) 

in which E is the average energy from the normal distribution of energies from a source 
of atomic number Z that emits beta radiation with a maximum energy E m . 

Maximum Permissible Body Burdens and Concentrations of Radioisotopes in Air and 
Water. 2 One should attempt to avoid all unnecessary exposure to ionizing radiation, 
but for practical reasons maximum permissible exposure levels have been set by the 
following equations. 

1. Maximum permissible body burden q under equilibrium conditions 

__ 8.4 X 10~ 4 m 

q " / 2 2#(RBE)AT 

in which q 0*c) in the total body under equilibrium conditions delivers a dose rate 
of 0.3 rem /week to the critical body organ of mass m (g). The nonuniform distribu- 
tion factor N is taken as 5 for alpha, beta, and recoil components of energy emitted 
by radioisotopes for which the bone is the critical organ, with the exception of Ra 226 
and P 32 in which case it is 1. The term /, is the fraction in the critical organ of that 
in the total body, E is the average energy (Mev), and RBE is the relative biological 
effectiveness of the radiation (== 1 for beta and gamma emitters, 10 for alpha, and 
20 for atomic recoils). The critical body organ is the one receiving the radioisotope 
that results in the greatest body damage, and the equilibrium condition of exposure 
is considered to exist after the material has been consumed for a sufficient time that 
the amount taken into the body per day is equal exactly to the amount eliminated 
per day by radioactive decay plus biological elimination. 

In the case of alpha-emitting radioisotopes for which the bone is the critical organ, 
use is made of the long-standing generally accepted value of q = 0.1 M c for Ra 226 by 
making a comparison on an energy basis with Ra 226 by means of the equation 

._ 16 

q - f&E(RBJ&)N 

i G. H. Peebles, Gamma-ray Transmission through Finite Slabs, Rand Report B-240, 

^For detailed information on maximum permissible exposure levels refer to ''Maximum 
Permissible Amounts of Radioisotopes in the Human Body and Maximum Permissible 
Concentrations in Air and Water,- Handbook 52, Superintendent of ^ Documents, Wash- 
ington D.C.; Report of the International Commission on Radiological Protection Supple- 
ment No 6 Dec 1, 1956; and K. Z. Morgan and M. R. Ford, Developments m Internal 
Dose Determinations, Nucleonics 12 (6), 32-39 (June, 1954). 
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2. Maximum permissible concentration in air (MPC)„ and water (MPC)„, under 
equilibrium conditions, 

rMpp , _ 3.5 X 10- 8 g/ 2 

^lVAJTVy/a Tfa(l — e~ QnU / T ) 

, MPP x _ 3.1 X 10-^/2 
\xsLrKj)* ^ (1 _ e _o.6««/r) 

in which (MPC) a and (MPC) W are given in /ic/ce of air and water, respectively, that 
will result in a dose rate 0.3 rem /week to the critical organ after an exposure for a 
time t (days). f a and/ w are the fractions that arrive in the critical organ from inhala- 
tion and ingestion, respectively, and the effective half life T (days) in the critical 
organ is given by the equation 

T h T r 



T = 



T b + T r 



in which T b and T r are the biological and radioactive half lives, respectively. 
In the case of noble gas, 

(MPC). - 9 X g 10 ' 7 

3. Dose delivered to the critical body organ following a single intake, 

D _ 74S£(RBE)Ar/J r _ 

m v J 

in which D = dose in rem delivered to the critical organ of mass m (g), in time t (days), 
when Jo (mc) are taken into the body in a single event and the fraction / is deposited 
in the critical organ. 

8m-3. Tables of Values Commonly Used in Health Physics 

Table 8m-l. Conversion Factors for X- or Gamma-ray Absorption in Air 

(Values corresponding to 1 roentgen) 
Absorbed in 1 cc of Air Absorbed in 1 g of Air 

1 esu/cc 773.4 esu/g 

2.083 X 10 9 ion pair/cc 1 .611 X 10 12 ion pair/g 

3.336 X 10~ 10 coulombs/cc 2.58 X 10" 7 coulombs/g 

7 . 09 X 10 10 ev/cc 5 . 48 X 10 13 ev/g 

. 113 ergs/cc 87 . 8 ergs/g 

1 . 13 X 10~ 8 joules/cc 87 . 8 X 10~ 6 joules/g 
2.71 X lO" 9 cal/cc 2.09 X 10" 6 cal/g 
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TABiaa 8m-2. General Values otf Maximum Permissible Ejcpqsurb 
to Various Types of Ionizing Radiation 







• : 


Gen. 


■.' > ; 








mrad/week 


values 


mrem/week 


Approximate flux for 


Type 


mr/week 


in tissue 


of 


an 8-hr exposure 








RBE 






X or y. ..... . . 


300 




1 


300 


4,200 photons /em 2 see 
of 1 Mev 


£. . . . . 




300 


1 


300 


45/3/cm* sec of 1 Mev 




EvOMX. 


e — 




300 


1 


300 


68 electrons /cm 2 sec 




of 1 Mev 


n t • 




120 


2.5 


300 


2,000w t /cm 2 sec of 










0.025 ev* 


tif . . . . 




30 


~10 


300 


58w//cni 2 sec of 




2 Mev* 


7) 




30 


10 


300 


. 17p/cm 2 sec of 




5 Mev 






30 


10 


300 


. 014a/cm 2 sec of 




5 Mev 


0, C, N, etc... 




15 


20 


300 


0.0006 oxygen ions/ 
cm 2 sec of 5 Mev 



* Values obtained by W. S. Snyder, Calculations for Maximum Permissible^ Exposure to Thermal 
Ne^ZcleZnics 1 2, 46-50 (February, 1950) ; also W. S. Snyder and J Neufeld .Calculated Depth 
Dose Curves in Tissue for Broad Beams of Fast Neutrons, Brit. J. Radiol. 28, 342 (1955). 
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Table 8m-4. Maximum Permissible Flux of a Normal Beam of Neutrons 
Required to Deliver a Dose of 0.3 rem per 40-hr Week 



Neutron 


Calculated 


International (ICRP) 


energy, 


values,* 


max permissible values, 


Mev 


7i/cm 2 /sec 


n/cm 2 /sec 


10 


27(50) 


30 


5 


27(55) 


30 


4 


31(57) 


30 


3 


36(58) 


30 


2 


(43)58 


40 


1 


61(55) 


60 


0.5 


86(90) 


80 


0.1 


230(250) 


200 


0.01 


1,050(1,200) 


1,000 


10-* 


1600(1600) 


2,000 


2.5 X 10~ 8 


1,909(2,000) 


2,000 



♦ Values obtained by W. 8 Snyder, C^^^^^S^^^^^^ 
Neutron. .Nvfeonic. 6, 2 46-50 (February ™^*^%»X Tk^ Ww— Society meeting 
Beams of Fast Neutrons, Brit. J. Radwl. S», M ^^""Pf-j ™th reference to a 30-cm tissue phantom. 



Table 8m-5. Maximum Permissible Concentrations of Radioisotopes 
in Air and Wateb for Continuous Exposure 




. These values are reduced by a factor oUOwben applied <Z^ $»£»>£$%£ J£Z 
are general values which are .cons.dered to be saf for ^^^"{^".juea of maximum permissible 
of radioisotopes The reader is referred ^ a !^Xum Permissible Amounts of Radioisotopes in 

foS^ttt^^^ 

i» Internal Pose Determination, Nucleonics 12 (6), 32-39 (June, lyo*;. 
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Table 8m-6. Theoretical Values of (m — <r«)air and of r/hr 
at 1 m from a 1-curie Source 
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Energy, 


0* — Oair,* 


r/hr at 1 m from 


Mev 


cm 2 /g 


1-curie source f 


0.02 


0.50 


0.16 


0.04 


0.078 


0.063 


0.06 


0.035 


0.042 


0.08 


0.025 


0.040 


0.10 


0.023 


0.047 


0.20 


0.026 


0.11 


0.40 


0.029 


0.23 


0.60 


0.029 


0.35 


0.80 


0.028 


0.45 


1.0 


0.027 


0.55 


2.0 


0.023 


0.93 


4.0 


0.019 


1.5 


6.0 


0.017 


2.1 


8.0 


0.016 


2.6 


10 


0.015 


3.0 


20 


0.013 


5.3 


40 


0.013 


11 


60 


0.014 


17 


100 


0.015 


30 



* W. S. Snyder and J. L. Powell, Absorption of y-Rays, Report OR^L-421, March, 1950; G. R. White, 
X-ray Attenuation Coefficients from 10 kev to 100 Mev, Nad. Bur. Standards (U.S.) Rept. 1003 
May 13, 1952. 

t These values do not include contributions to the dose due to air scattering and absorption. If 
absorption of air is included, the value of r/hr at 1 m from a 1-curie source for 0.02 Mev would be 
reduced by 8%, the value for 0.04 Mev by 3%, the value for 0.06 Mev by 1%, and the correction 
would be insignificant for the other values. 

8m-4. Regulations for the Shipment of Radioactive Materials. The reader should 
refer to official publications 1 for detailed information on the shipment of radioactive 
materials. General limitations for the shipment of radioisotopes are: 

1. Package must not be less than 4 in. in its smallest outside dimension. 

2. A single package must not contain more than 2 curies (2.7 curies 2 of less danger- 
ous radioisotopes). 

3. Surface of package must contain no significant contamination. 

4. Dose rate at any accessible surface must not exceed 200 mr/hr (or equivalent 
in mrem/hr). 

5. Dose rate at 1 m must not exceed 10 mr/hr. 

6. Shipments of radioactive materials by rail and motor express, air, and boat 
fall into four categories (groups I, II, III, and exempt). Only exempt shipments 
may be made by mail. 

1 Robley D. Evans, Chairman of the Subcommittee on Shipment of Radioactive Sub- 
stances, "Physical, Biological and Administrative Problems Associated with the Trans- 
portation of Radioactive Substances." ICC shipping regulations are given in Title 49, 
Parts 71 to 78, of the Code of Federal Regulations; Civil Aeronautics Board regulations 
are given in Part 49 of the Civil Air Regulations, "Transportation of Explosives and Other 
Dangerous Articles"; regulations of the United States Coast Guard are given in the Federal 
Register, July 17, 1952, pp. 6460ff.; regulations governing the transportation of radio- 
active materials in the U.S. Mails are given in the U.S. Postal Guide, p. 51, pt. I, 1951 ed. 

2 The subcommittee on Shipment of Radioisotopes of the National Research Council at 
its meeting in September, 1954, recommended to the Bureau of Explosives that this limit 
be raised to 300 curies. 
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References to table are shown by the letter T, and references to figures are shown 
by the letter f . 



Absolute electrical units related to inter- 
national (T), 6-106 
Absolute ohm, definition of, 5-105, 5-198 
Absolute photopic luminosity, definition of, 

6-50 
Absolute scotopic luminosity, definition of, 

6-53 
Absolute thermoelectric power, 5-98 
Absolute viscosity, definition of, 2-201, 
2-203 
units and conversion factors for (T), 

2-202 
of various gases (T), 2-207 
Absolute volt, definition of, 5-105 
Absorption, of light, 6-36 to 6-40 
and scattering of em waves, 5-70 to 5-71 
of sound, 3-43 to 3-53 

and heat radiation, 3-49 to 3-50 
vs. temperature, of sound in water (f), 
3-69 
Absorption coefficient, of audience (T), 
3-116 
for building materials (T), 3-116 
definition of, 6-2, 6-36 
vs, frequency for acoustic tiles (f's), 

3-114, 3-115 
of seats (T), 3-116 
Of sound (f), (T), 3-113 to 3-116 

in water (f), 3-71 
of various substances (T), 6-37 
Absorption constant, definition of (optical) , 
6-102, 6-103 
of evaporated mirror coatings (T), 6-104 
of organic liquids (T), 3-73 
of various metals (T's), 6-105 to 6-107 
Absorption cross section, 5-71 

universal average, 5-71 to 5-72 
Absorption factor, definition of, 6-2 
Absorption measure in sound, 3-45 to 3-46 
Absorption spectrum, definition of, 6-2 



Absorptive power, definition of, 6-2 
Absorptivity, definition of, 6-2 
Abundance, of the elements (T), 7-9 to 
7-12 
per cent of stable nuclei (T), 8-6 to 8*17 
A-C to d-e, application chart (T), 5-261 

conversion of, 5-260 to 5-268 
A-C generators, 5-258 

A-C motors, fractional hp characteristics of 
(T), 5-253 
and generators, 5-246 to 6-250 
integral hp characteristics of (T) , 5-254 
to 5-255 
A-C resistance, ratio to d-c for solid round 

wire (T), 5-201 
Acceleration, definition of, 2-3, 3-2 
due to gravity (T), 2-91 
of electrons and protons, 8-172 to 8-181 
Accelerators, electrostatic, world-wide list 
of (T), 8-182 to 8-188 
linear, world-wide list of (T) , 8-200 to 

8-201 
particle, various types of, 8-172 to 8-181 
world-wide list of (T's), 8-181 to 8-201 
Acceptable noise level for different rooms, 

3-122 
Acceptors and binding energies (T), 5-160, 

5-163 
Acetates, acoustic* properties of (T), 3-72 
Acetone volume related to pressure and 

temperature (T), 2-158 
Achromatic, definition of, 6-2 
Acids, index of refraction of (T), 6*22 
Acoustic, definition of , 3-2 

(See also Sound) 
Acoustic absorbing materials, porosity and 

permeability of (T), 2-180 
Acoustic analogues, of capacitor and con- 
denser, 3-141 to 3-142 
of electric circuit elements, 3-140 t^ 3-142 
of transducers and transformers, 3-177 
Acoustic analogy, units for, 3-177 
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Acoustic attenuation constant, definition of, 

3-8 
Acoustic capacitance, 3-136 
Acoustic center, 3-11 

Acoustic compliance, definition of, 3-8, 3-10 
Acoustic energy, continuity equation for, 

3-44 
Acoustic energy balance, 3-44 
Acoustic energy flux vector, 3-42, 3-44 
Acoustic equations, of first order, 3-33 

of second order, 3-34 

small-signal, 3-32 to 3-34 
Acoustic impedance, 3-108 to 3-110 

definition of, 3-8, 3-113 

of ear (T), 3-123, 3-124 

specific, of pulsating sphere, 3-108 to 
3-109 

of a ther mo viscous medium, 3-53 

vector, equation, for, 3-138 
Acoustic intensity, 3-6 

Acoustic losses, in ferromagnetic and ferro- 
electric materials, 3-85 to 3-86 

in metals, 3-84 to 3-88 
Acoustic mass, definition of, 3-8 
Acoustic medium and thermal noise, 3-53 

to 3-55 
Acoustic ohm, definition of, 3-9 
Acoustic phase constant, definition of, 3-9 
Acoustic power, definition of, 3-108 
Acoustic pressure, alteration of* 3-39 
Acoustic propagation constant, definition 

of, 3-9 
Acoustic properties, of gases, 3-56 to 3-66 

of liquids, 3-67 to 3-74 

liquids vs. gases, 3-67 

of organic liquids (T), 3-72 to 3-73 

of solids, 3-74 to 3-88 
Acoustic radiation pressure, 3-43 
Acoustic radiation resistance, of pulsating 
sphere, 3-108 

of sphere and piston (T), 3-110 
Acoustic reactance, definition of, 3-9 
Acoustic resistance, 3-134, 3-136 

definition of, 3-9 
Acoustic tile, absorption vs. frequency 

characteristics (f), 3-114, 3-115 
Acoustic variables, 3-32 
Acoustical* definition of, 3-2 
Acoustical definitions, 3-2 to 3-18 
Acoustical energetics, 3-41 to 3-43 
Acoustical quantities (T), 3-139 

conversion factors for (T), 3-24 

letter symbols for, 3-18 to 3-24 
Acoustical schematic diagrams, based on 
impedance analogy (T), 3-145 to 3-176 

based on mobility analogy (T), 3-144 to 
3-176 
Acoustical symbols (T), 3-139 
Acoustical systems, electrodynamical 
analogies to, 3-134 to 3-139 

graphical analogies to electrodynamical 
systems (f's), 3-136, 3-137 

with one degree of freedom, 3-137 to 
3-138 
Acoustical units (T), 3-139 



Acoustical waves of finite amplitude, 3-37 

to 3-39 
Acoustics, architectural, 3-113 to 3-122 
selected references on, 3-178 to 3-179 
Activation cross section of neutrons, defi- 
nition of, 8-130 
Activation energy of pure ionic conductors 

(T), 5-186 to 5-188 
Adiabatic compressibility of organic liquids 

(T), 2-163, 2-164 
Adiabatic demagnetization, 4-15, 7-171 
Adiabatic gas, pressure-density relation for, 

3-35 
Adiabatic isothermal elastic constants of 

various metals (T), 3-83 
Adiabatic modulus of elasticity, 2-85 to 

2-86 
Adiabatic temperature change in sea water, 

2-121 
Adiabatic viscous fluid, equation for, 3-33 
Aftershock in earthquakes, 2-113 
Aichi's formula, 5-14 
A.I.E.E. standards, 5-246 
Air, absorption of sound by, 3-63 to 3-66 
characteristic impedance of (T), 3-63 
composition of atmosphere (T), 2-125 
compressibility factors for (T) , 4-82 
critical energy and radiation length for 

(T), 8-39 
energy loss of protons in (f), 8-26 
enthalpy of (T), 4-85 
entropy of (T), 4-86 
maximum permissible concentration of 

radioisotopes in (T), 8-256 
Prandtl numbers for (T) , 2-222 
range-energy relation for protons in (f ) , 

8-27 
recombination coefficient in (f's), 5-177, 

5-178 
relative density of (T), 4-83 
specific heat of (T), 3-59, 4-84 
thermodynamic conversion factors for 

(T), 4-81 
virial coefficients for (T), 4-128 
voltage breakdown in (f's), 5-179, 5-180 
X-ray and gamma-ray absorption in (T) , 
8-253 
Air columns, fundamental frequency of, 

3-102 to 3-103 
Air-earth currents, 5-285 

density at various locations (T), 5-285 
Aircraft engines, lubricating oil specifica- 
tions for (T), 2-168 
a-Alanin, diffusion coefficients of (T) , 2-192 
Albedo measurements (T), 2-132 
Alcohols, saturated, acoustic properties of 

(T), 3-72 
Alloys, creep rates for (T), 2-89 to 2-90 
demagnetization curves Of (f), 5-218 
density of, 2-22 to 2-30 
elastic and strength constants of (T), 

2-62 to 2-78 
Hall constants of (T), 5-237 to 5-239 
linear expansion coefficients of (T), 4-57 
to 4-60 
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Alloys, magnetic, magnetization curves of, 
(f), 5-214 
properties of, for permanent magnets 

(T), 5-219 
resistivity vs. temperature for (T), 4-13 
saturation magnetization and Curie 
points of (f) (T's), 5-207, 5-209 to 
5-210 
skin-effect quantities (T), 5-90 
superconducting transition temperatures 

for (T), 5-205 
thermal conductivity of (T), 4-67, 4-77 

4-79 
thermal emf of, relative to platinum (T). 
4-9 
Alnico 5, demagnetization and energy- 
product curves of (f), 5-218 
Alpha decay, lifetimes and theory, 8-54 to 

8-56 
Alpha decay energy, 8-40 

vs mass number (f ) , 8-46 
Alpha-decay-energy profile (f), 8-46 
Alpha emitters, alpha-particle energies and 
abundances of (T), 8-48 to a-53 
log half life vs effective alpha energy for 

(f), 8-54 
various kinds of, 8-46 to 8-54 
Alpha groups, principal and rare, 8-46 to 

8-47 
Alpha-particle energies of alpha emitters 

(T), 8-48 to 8-53 
Alpha particles, abundance of alpha 
emitters (T), 8-48 to 8-53 
maximum permissible exposure to (T's) 

8-254, 8-255 
range-energy relation in Ilford C-2 emul- 
sion, 8-32 
range straggling in copper (f's), 8-37 
symbols for, 8-3 
Alpha spectra, complex, 8-40, 8-46 to 8-54 
Alphabetical list of elements (T), 7-5 to 7-7 
Alternate-gradient synchrotron, descrip- 
tion of, 8-177 to 8-178 
Alternating current, application chart for 

conversion to d-c (T), 5-262 
Altitude, variation of atmospheric con- 
ductivity with (T), 5-286 
variation of atmospheric electric field 
with (T), 5-286 
Altocumulus clouds (f), 2-130, 2-134 
Alumel, emf of chromel vs alumel thermo- 
couples (T), 4-12 
Aluminum, absorption curve for electrons 
in (f), 8-38 
energy loss of protons in (f) (T), 8-28, 

8-35 
proton straggling in (T), 8-36 
range-energy relation, for electrons in 
(f), 8-39 
for protons in (f), 8-29, 8-31 
Aluminum alloys, density of (T) , 2-24 
elastic and strength constants for (T), 
2-64 to 2-65 
Aluminum I, energy-level diagram of (f), 

7-31 
Amagat units, definition of, 4-118,4-119 



Ambient pressure in flowing liquids, 2-182 
Ambipolar diffusion coefficients for several 

gases (T), 7-218 
American speech, characteristics of sounds 

in (T), 3-131 to 3-132 
Ammonia, efficiency of electron attach- 
ment in (f), 5-176, 5-177 
Amorphous selenium, index of refraction 

of (T), 6-26 to 6-27 
Amorphous solids, dielectric properties of 

(T's), 5-120 to 5-132 
Ampere, definition of, 5-2 

international vs. absolute (T), 5-106 
Ampere's law, 5-3 

Amplitude of seismic waves, 2-102 to 2-103 
Analogies between electrical, mechanical, 

and acoustical systems, 3-134 to 3-139 
Anechoic chamber, definition of, 3-2, 3-17 
Anelasticity, 2-84 to 2-86 
logarithmic decrement, 2-85 
mechanical model of (f ) , 2-84 
Angular aperture, definition of, 6-2 
Angular correlation of gamma rays, 8-93 
Angular momentum, definition of, 2-6 
of electrons, 7-17 

of light nuclei (f's) (T), 8-57 to 8-86 
Anisotropic media, field vectors for, 5-38 
Anisotropic wave propagation systems, 

5-64 to 5-65 
Anisotropy constants of uniaxial crystals 

(T), 5-222 
Anode, definition of, 5-3 

in electrochemistry, 5-269 
Anomalous dispersion of sound, 3-51 
Anomalous skin effect, 5-200 
Antiferroelectric crystals, properties of (T), 

5-156 
Antiferroelectric materials, definition of, 5-3 
Antiferromagnetic materials, definition of, 
5-3 
and neutron diffraction (T), 5-227 to 

5-228 
orientation of magnetic moments in (f). 
5-229 
Antiferromagnetic points of various sub- 
stances (T), 5-226 
Antiferromagnetic resonance, 5-104 
Antiferromagnetism, 5-102, 5-224 to 5-229 
Antineutrino, 8-3 
Antinodes, definition of, 3-2 
Apochromat, definition of, 6-2 
Approximation methods in wave mechanics 

7-165 to 7-167 
Aqueous solution, isothermal compressi- 
bility of (T), 2-164 
surface tension of (T's), 2-175, 2-177 
Verdet constants for (T), 6-93 
Archimedes, principle of, 2-12 
Architectural acoustics, 3-113 to 3-122 
Area, units and conversion factors for (T) 

2-16 
Argon, compressibility factors for (T), 4-87 
electron energy losses in (f), 5-181 
enthalpy of (T), 4-90 
entropy of (T), 4-91 
relative density of (T), 4-88 
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Argon, specific heat of (T), 4-89 

thermodynamic conversion factors for 

(T), 4-81 
virial coefficients for (T), 4-121 
Argon I, energy-level diagram of (f), 7-33 
photoelectric traces of spectrum (f), 7-63 

to 7-66 
principal spectral lines of (T), 7-58 to 7-62 
Arsenic trisulfide glass, index of refraction of 

(T), 6-26 to 6-27 
Articulation, acoustic, definition of, 3-12 

sound, syllable, vowel, or consonant, 3-13 
Articulation index, 3-132 to 3-133 

and articulation scores (T) , 3-133 
Artificial radioisotopes, 8-96 to 8^128 
ASA standards, 5-246 
Asbestos insulation and current capacity of 

conductors (T), 5-202 to 5-203 
Astatic inductors, 5rl 11 
Astigmatism, definition of, 6-2 
Astronomical constants (T) , 2-9 1 
Astronomical data, 2-90 to 2-91 
Astronomical problem in geodesy, 2-93 
Astronomy* radio, 6-120 to 6-123 
Asymmetric-top molecules, rotational con- 
stants and geometrical parameters of, 
five-atom (T), 7-159 
four-atom (T), 7-155 
six-atom (T), 7-161 
triatomic (T), 7-153 
Asymptotic speed of sound, 3-48 
Atmosphere, characteristics of ions in (T's), 
5-284 
composition of (T), 2-125 
conductivity, electric field, and air-earth 

current density of (T), 5-285 
conductivity vs altitude for (T) , 5-286 
electrie field vs altitude (T), 5-286 
as unit of pressure, 2-15 
upper, electrical characteristics of, (T), 
5-284 
properties of, 2-128 to 2-130 
Atmospheric density vs elevation (T), 

3-58 
Atmospheric diffusion (f), 2-135 
Atmospheric electricity, 6-283 to 5-289 
Atmospheric ionization, 5-283 to 5-284 
Atmospheric precipitation, charge on parti- 
cles (T), 5-287 
Atmospheric pressure, 3-56 

vs elevation (T), 3-58 
Atmospheric temperature, 3-56 

vs elevation (T), 3-58 
Atomic constants (T), 7-3 
Atomic diameters of elements (T), 7-9 to 

7-12 
Atomic hydrogen, hyperfine splitting of (T) , 

6-122 
Atomic levels of n equivalent electrons (T) , 

7-21 
Atomic mass (T), 7-3 
of deuterium, 8-4 
of hydrogen, 8-4 
of neutron, 8-4 

of stable nuclei (T), 8-6 to 8-17 
Atomic number of elements (T), 7-5 to 7-8 
Atomic rotatory power, definition of, 6-7 



Atomic spectra, present status of analysis of 
(T), 7-22 to 7-24 
principal lines in, Argon I (f) (T), 7-58 to 
7-66 
Helium (T), 7-44 to 7-45 
Iron I (f) (T), 7-87 to 7-118 
Krypton I (f) (T), 7-66 to 7-74 
Mercury I (f) (T), 7-119 to 7-122 
Neon I (f) (T), 7-45 to 7-58 
Xenon I (f ) (T) , 7-74 to 7-87 
structure of, 7-16 to 7-26 
Atomic susceptibility of elements (f ) , 5-236 
Atomic units, conversion factors of (T) , 7-4 
Atomic weights, of elements (T), 7-8 to 7-12 
Atoms, electronic structure of (T), 7-13 to 
7-15 
energy-level diagrams of (f 's) , 7-26 to 7-37 
persistent spectral lines of (T), 7-39 to 
7-41 
Attenuation, of em waves, 5-58 to 6-59 
and heat flow in metals (T), 3-83 
of neutrons in concrete and water, 8-169 
of sound; 3-63 to 3-66 

Krieser's nomogram for (f), 3-64 
due to radiation, 3-50 
vs relative humidity (f ) , 3-66 
in solids, 3-79 
of standard r-f cables (f), 5-57 
Attenuation constant, 3-8, 3-17, 3-6*3 

vs relative humidity (f), 3-117 
Attenuation peaks in copper crystals (f), 

3-88 
Audibility threshold, definition of , 3-14 
Audience, absorption coefficient of, 3-116 
Audio frequency, definition of, 3-2 
Audiogram, definition of, 3-12 
Auditory meatus, dimensions of (T), 3-123 
Auger electrons, 8-3 
Aural harmonic, definition of, 3-12 
Autotransformers, 5-260 
Average acoustic pressure, 3-39 
Average velocity, 2-2 
A vogadro's number (T), 7-3 
Axially symmetric gas flow, 2-217 to 2-219 
Axis, principal, 3-11 

reference, 3-11 
Azimuthal quantum number, 7-16 

B 

Balrner series of spectral lines, definition 

of, 6-3 
Band-pass filter sections, design of (T), 5-86 

to 5-89 
Band power level, definition of, 3-2 
Band pressure level, definition of, 3-2 
Band-spectrum constant (T) , 7-3 
Bar, of elliptical cross section, self-induct- 

ance of, 5-28 
frequency of vibration of, 3-104, 3-106 
Bar magnets, 5-35 to 5-36 
Barium, Young's modulus vs temperature 

for (f), 3-96 
Barium-titanate type transducer, materials, 

3-92 
Barn, definition of, 8-3 
Barnet effect, 5-103 
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Barometric pressure, 3-57 

Base vectors in different coordinate systems 

(fs), 2-2, 2-3 
Basilar membrane in ear (T), 3-123 
Beam angles for piston, ring, and line 

sources (f), 3-111, 3-112 
Beam formation, reflectors, lenses, and 

horns, 6473 
Beats, definition of, 3-3 
Beer's law, 6-3 

Benzene, first Townsend ionization coeffi- 
cient in (f), 5-169 
variation of dielectric constant with tem- 
perature for (f), 5-131 
volume related to pressure and tempera- 
ture (T), 2-158 
Bernoulli's principle, 2-13 
Berthelot equation as a virial expansion, 

4-119 
Berthelot 's method for measuring tensile 

strength, 2-170 to 2-171 
Beryllium, energy levels of (f) (T), £-59 to 
8-67 
energy loss of protons in (T), 3-35 
proton straggling in (T), 8-36 r 
Beta decay, 8-3 
Beta-decay chains, 8-212 
Beta radiation^ range of , 8-252 
Beta rays, maximum permissible exposure 

to (T's), 8-254, 8-255 
Beta transitions, 8-97 
Betatrons, description of, 8-175 to 8-176 
world-wide list of (T) , 8-194 to 8-195 
Bethe-Bacher formula, 8-20 
Biaxial minerals, index of refraction of (T) , 

6-14 to 6-17 
Binary compounds, saturation magnetiza- 
tion and Curie points of (T), 5-213 
Binary mixtures of gases, 2-206 
Binaural listening, minimum audible pres- 
sure <T), 3-125 
Binding energy, of carriers to donors and ac- 
ceptors (T), 5-160, 5-163 
of last neutron and proton (T), 8-6 to 8-17 
of neutrons (T), 8-135 to 8-143 

definition of, 8-130 
of nucleus, 8-19 to 8-20 
Birefringent filters, 6-48 
BismutH, transition parameters and phase 

diagram for (f) (T), 4-36 
Black body, ehromaticity coordinates of 
(T), 6-61 
definition of, 6-3 
Black-body radiation, functions of (T), 
6-64,6-65 
total (T), 6-66 to 6-67 
Blasius gas flow, 2-224 
Blood-forming organs, maximum permissi- 
ble exposure to ionizing radiation (T), 
8-255 
Body, maximum permissible radiation ex- 
posure for trunk (T), 8-255 
Body organs, maximum permissible expo- 
sure for various radiations (T's), 8-254, 
8-255 
Bohr magneton (T), 7-3 
definition of, 5-206 



Bohr magneton number, of certain solid 
solutions (T), 5-211 
definition of , 5-206 
of ferrites (T), 5-211, 5-212 
of ferromagnetic elements (T) , 5-208 
of paramagnetic materials (T), 5-241 to 

5-243 
of spinels (T), 5-212 
Boiling-water power reactor, 8-227 
Bolometer, characteristics of (T's), 6-114, 

6-118 
Bolometric color index of stellar spectral 

classes (T), 6-80 
Bolometric magnitude of stars, 6-80 
Boltzmann constant (T), 7-3 
Boron, energy levels of (f) (T), 8-62 to 8-71 
Boson, 8-243 

Bougie decimale, definition of, 6-9 
Bound hyperons, 8-245 
Boundary conditions and electromagnetic 

field equations, 5-41 to 5-42 
Boundary layer in gas flow, 2-223 
Bounded regions and em waves, 5-56 to 5-57 
Br agg-Gray principle, 8-250 to 8-251 
Branch point in circuit theory, 8-80 
Breakdown voltage in air (fs), 5-179, 5-180 
Breeding reactors, 8-227 
Brewster's law, 6-3 

Brightness, approximate, of various light 
sources (T), 6-78 
definition of, 6-3 
of various stars (T), 6-82 
Brinell hardness number, definition of ,2-69, 
2-78 
of metals and alloys (T), 2-61 to 2-78 
British reactors, 8-240 
British thermal unit, definition of, 2-15 
Broad-band noise in liquids, 3-68 
Bromides, optical properties of, 6-40 
Bubble cavities (see Transient cavities) 
Building materials, absorption coefficients 
of (T), 3-116 
diffusivities of (T), 4-74 
Bulk modulus, 2-10 

of earth layers, 2-108 
n-Butyl alcohol, diffusion coefficients of (T), 
2-192 



Cables, list of standard radio-frequency (T) 

5-52 to 5-55 
Cadmium cells, 5-107 to 5-109 
Calcite, index of refraction of (T), 6-23 
Calcium fluoride, absorption coefficients of 
(T), 6-37 
index of refraction of (T) , 6-23, 6-26 to 

6-27 
optical properties of, 6-40 
Calcium I, energy-level diagram of (f), 7-34 
Calcium titanate, Young's modulus vs tem- 
perature for (f), 3-96 
Calder Hall reactors, 8-240 
Calorie, definition of, 2-15 
Camphors, variation of dielectric constant 
with temperature for (f), 5-131 
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Candle, definition of, 6-0 

Candle-meter, 6-4 

Candle per square centimeter, definition of, 

6-3, 6-10 
Candlepower, definition of, 6-6 
Capacitance, and acoustic analogy, 3-135, 
3-136 
per meter length of various bodies, 5-15 

to 5-16 
of various body arrangements, 5-12 to 
5-18 
Capacitance coefficients, 5-17 to 5-18 
Capacitance edge corrections, 5-16 to 5-17 
Capacitance formulas, mks units, 5-12 to 

5-18 
Capacitance standards, 5-109 to 5-110 
Capacitivity, definition of, 5-2 

relative, of semiconductors (T), 5-132 
(See also Dielectric constants) 
Capacitor-start motor, 5-249 

torque-speed curves for (f), 5-249 
Capacitors, 5-109 to 5-110 

acoustic analogue of, 3-141 to 3-142 
Capillary-height method, surface tension 

by, 2-175 
Carbon, energy levels of (f) (T), 8-64 to 
8-75 
total neutron cross section of (f), 8-132 
Carbon I, energy-level diagram of (f), 7-28 
Carbon bisulfide, volume related to pressure 

and temperature (T), 2-159 
Carbon dioxide, compressibility factor for 
(T), 4-92 
enthalpy of (T), 4-93 
entropy of (T), 4-93 
first Townsend ionization coefficient for 

' (f), 5-168 
relative density of (T), 4-92 
specific heat of (T), 4-93 
thermodynamic conversion factor for (T) , 
4-81 
Carbon monoxide, virial coefficients for 

(T), 4-127 
Carbon tetrachloride, volume related to 

pressure and temperature (T), 2-160 
Carcelunit, 6-9, 6-10 
Carcinotron, 5-77 
Cascade hyperon, 8-245 
Cathode, definition of, 5-3 

in electrochemistry, 5-269 
Cathode current density in glow discharge 

(T), 5-185 
Cathode fall, normal, for various metals 

(T), 5-184 
Cathode fall thickness for various metals 

(T), 5-184 
Cathode-ray-tube screens, characteristics 

of (T), 6-1 13 
Cation transference numbers of electro- 
lytes (T), 5-270 
Cavitation, critical pressure for (f), 2-184 
definition of, 3-68 
in flowing liquids, 2-182 to 2-189 
in fresh water (f), 2-184 
inception of, 2-183 
in liquids, 3-68 



Cavitation, symbols for, 2-183 
Cavitation number, 2-182 

for incipient cavitation (f), 2-186 
Celestial triangulation, 2-96 
Celsius temperature, conversion equations 

for (T), 4-2 
Cent, definition of, 3-14, 3-107 
Center of mass, definition of, 2*6 
motion of, 2-7 

for various bodies (T), 2-36 to 2-37 
Centimeters of Hg at 0°C, definition of, 

2-15 
Centrifugal force, definition of, 2-5 
Ceramics, dielectric frequency and volume 
resistivity of (T), 5-120 to 5-121 
dielectric properties of (T), 5-120 to 

5-121 
properties of (T), 3-95 
Cerium magnesium nitrate, properties of 
(T), 4-14 
temperature data for (T), 4-15 
Cesium bromide, index of refraction of (T) , 

6-27 to 6-29 
Cesium iodide, index of refraction of (T) , 

6-27 to 6-29 
Cgs units and electrical formulas (T's), 

5-8, 5-9 
Chain relationships of nuclides (T), 8-202 

to 8-211 
Chamber, reverberation, 3-17 
Chapman-Jouguet condition and shock 

waves, 2-233 
Chapman's formula for gas viscosities, 2-206 
Characteristic curves, for d-c motors (f) , 
5-246 
for induction motors (f's), 5-247 
Characteristic impedance, definition of, 
3-62 to 3-63 
for various gases (T), 3-63 
Characteristic X-ray spectra, 7-123 to 7-135 
Charge transfer of ions in a gas, 7-204 
Charge-transfer cross sections of various 

substances (f's), 7-189 to 7-191 
Charged hyperons, 8-244 
Charged-particle fission yields (T), 8-219 

to 8-221 
Charged-particle induced fission, 8-212 
Chemical rate theory, 2-88 
Chemical symbols of stable nuclei (T), 

8-6 to 8-17 
Chemicals, fluorescent, characteristics of, 

(T), 6-111 
Chemiluminescence, definition of, 6-3 
Chi mesons, 8-243 

Chlorides, optical properties of, 6-40 
Chlorine (in argon), efficiency of electron 

attachment in (f), 5-173 
Chlorine I, energy-level diagram of (f), 

7-32 
Chlorinity of sea water, 2-116 
Chloro-fluoro liquids, density of (T), 2-149 
Chloroform, volume related to pressure and 

temperature (T) , 2-160 
Christiansen effect, definition of, 6-3 
Chromatic aberration, definition of, 6-3 
Chromaticity, 6-60 
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Chromaticity coordinates, of black bodies 
(T), 6-61 
of spectrum (T), 6-54 to 6-55 
Chromel, emf in thermocouples (T) f 4-12 
Chromium methylammonium alum, prop- 
erties of (T), 4-14, 4-16 
temperature data for (T), 4-17 
Chromium potassium alum, properties of 
(T), 4-14 to 4-16 
temperature data for (T), 4-15, 4-16 
Circuit configurations, magnetic field about, 

5-25 to 5-27 
Circuit theory, 5-79 to 5-85 
basis of, 5-79 to 5-80 
and networks, 5-80 to 5-81 
Circuits, self- and mutual inductance of, 

5-28 
Circular birefringence, 6-91 
Circular coil, self-inductance of* 5-31 
Circular cylindrical resonators, 5-66, 5-67 

modes in (f's), 5-66, 5-67 
Circular cylindrical waveguides, 5-62 to 
5-64 

coordinate system for (f), 5-62 
wave types for (T), 5-63 
Circular dichroism, 6-92 
Circular jet, laminar flow in, 2-195 to 2-196 
streamlines from point orifice (f), 2-196 
symbols for, 2-195 
Circular loop, magnetic induction of, 
5-26 to 5-27 
mutual inductance of, 5-29 to 5-31 
Circular mil, definition of, 2-14 
Clairaut's formula, 2-98 
Clarke ellipsoid, 2-96 
Classical absorption of sound, 3-49 
Classical symbols for heavy radionuclides 

(T), 8-41 
Clausius-Duhem inequality, 3-29 
Clausius equation as a virial expansion, 

4-119 
Climatology, 2-134 to 2r-135 
Closed-stub impedance matching, 5-51 
Clouds, average water content of (T), 2-134 
at different levels (f), 2-130 
drop-size spectra of (f), 2-134 
electric field intensity inside of (T), 5-286 
Coaxial transmission lines, constants for 

(T), 5-48 to 5-49 
Cobalt alloys, density of (T), 2-25 
saturation magnetization and Curie 
points of (T)> 5-210 
Cobalt ammonium sulfate, properties of 

(T), 4-14, 4-20 
Cochlea, dimensions of (T) , 3-123 
Cockroft- Walton accelerators, 8-172 
Coefficient, of absorption, for building 

materials, seats, and audience (T's), 
3-116 
definition of, 6-2, 6-36 
of light, definition of, 6-36 
for various substances (T), 6-37 
of ambipolar diffusion, for gases (T), 

7-218 
of capacitance and elastance, 5-17 to 5-18 
for color-difference evaluation (T), 6-62 



Coefficient, of cubical expansion of liquids 
(T), 4-62 
of cubical thermal expansion of elements 

(T), 4-56 
of differential diffusion, of various sub- 
stances (T's), 5-272 
of diffusion, definition of, 2-80 
for gases (T), 2-212 to 2-213 
for ions in gases, 7-205 
for metals (T), 2-79 to 2-80 
for solutions (T's), 2-190 to 2-195 
of drag, in flowing liquid, 2-183 
in gas flow, 2-226 
for various bodies (T), 2-188 
eddy diffusion, 2-135 
elastic, of crystals (T), 2-55 to 2-58 
of electron attachment for various sub- 
stances (f's), 7-182 to 7-186 
electro-optic, for various crystals (T) , 

6-97 
Ettingshausen, 5-99 
of extinction (optical), definition of, 6-102 

in infrared (T), 6-38 
first Townsend ionization, for various 

substances (f's), 5-167 to 5-169 
of friction (T), 2-39 to 2-44 
Hall, 5-98 

of heat radiation, 3-31 
of internal friction of earth, 2-113 
of linear absorption for gamma radia- 
tion (f), 8-93 
of linear thermal expansion of alloys (T) , 
4-57 to 4-60 
of elements (T's), 4-51 to 4-55 
of miscellaneous materials (T), 4-61 
of semiconductors (T), 4-63 
mean-ionic-activity, of electrolytes (T), 

5-278, 5-279 
Nernst, 5-99 
noise-reduction, 3-114 
Peltier, 5-98 

of pressure, in liquids, 2-151 
of radiation, 3-50 

radiative recombination (T), 5-171 
recombination, in air (f's), 5-177, 5-178 
reflection, for incandescent light (T), 
6-43 
for visible monochromatic radiation 
(T), 6-42 
of retarded elastic motion of earth, 2-113 
Righi-Leduc, 5-99 
of rigidity of earth, 2-1 13 
of rolling friction, definition of, 2-43 
secondary emission, 7-192 
self-diffusion, in gases (T), 2-213 
skin-friction, 2-224 

in liquids, definition of, 3-67 
of sound absorption (f) (T), 3-17, 3-67, 
3-113 to 3-116 
in water (f), 3-71 
of sound transmission, 3-120 
of static friction, definition of, 2-40 

for various substances (T), 2-40 to 2-41 
temperature, of inorganic liquids (T), 
5-133 
of organic liquids (T), 5-134 to 5-142 
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Coefficient, temperature, of piezoelectric 
strain constants (T), 5-153 
of standard liquids (T), 5-132 
of temperature exchange, 3-60 
Of thixotropy, 2-83 
virial (T's), 4-118 to 4-120 
Thompson, 5-97 to 5-98 
Townsend, &166, 7-192 
of viscosity, definition of, 3-28, 3-41 
of earth, 2-113 
for gases (T) , 3-58, 3-60 
of volume expansion, definition of , 4-63 
Coercive force, definition of, 5-3 

of high-permeability materials (T), 5-216 
of materials for permanent magnets (T), 
5-219 
Coil, magnetic force on, 5-32 to 5-33 

self- and mutual inductance of, 5-30 
Collision cross sections, 7-174 
Collision losses for heavy charged particles, 

8-23 
Collision probabilities of electrons and ions 

in gases, 7-174 to 7-191 
Collision probability curves for various 

substances (f's), 7-175 to 7-191 
Colloidal systems, and gels, 2-81 

and thixotropic substances, 2-81; 2^-82 
Color difference, evaluation coefficients 

for (T), 6-62 
Color indices of stellar spectral classes (T), 

6-80 
Color-mixture data, standard, 6-53, 6-61 
Color specification, standard coordinate 

system (T), 6-60 
Colored glass, transmission characteristics 

of, 6-43 to 6-44 
Colorimetry, 6-50 to 6-63 
Coma, definition of, 6-3 
Combination starters for eledtrie motors, 

5-256 
Commercial dielectrics, dielectrie constants 

of (T), 5-147 
Common waveguides, 5-59 to 5-62 
Compensation network theorem, 5-8 1 
Complementary wavelength in colorimetry, 

6-60 
Complex alpha spectra, 8-40, 8^46 to 8-54 
Complex impedances, 3-8 
Complex tone, definition of, 3-14 
Compliance, acoustic, 3-8 

and acoustic analogy, 3-135 to 3-136 
of crystals (T), 3-81, 3-82 
mechanical, 3-9 
Composite state variables, 3-32 
Compound nucleus, definition of, 8-2 
Compound-wound motors, 5-247 
Compounds, critical temperatures, pres- 
sures, and densities of (T) , 4-22 to 4-23 
crystallographic data for (T), 2-53 to 

2-54 
heats of fusion of (T), 4-131 to 4-159 
heats of sublimation of (T), 4-131 to 
■■ : 4-139 

heats of transition of (T), 4-131 to 4-159 
heats of vaporization of (T), 4-131 to 
' - -4-159 



Compounds, melting parameters of (T's) , 
4-30 to 4-33 
phase transition data for (T) , 4-130 to 
4-159 
Compressibility, of liquids, 2-151, 2-162 to 
2-164 
and skin friction, 2-230 
Compressibility data for miscellaneous sub- 
stances, 2-162 to 2^163 
Compressibility factor, for air (T), 4-82 
for argon (T), 4-87 
for carbon dioxide (T), 4-92 
for hydrogen (T), 4-95 
for nitrogen (T), 4-103 
for oxygen (T), 4-108 
for steam (T), 4-113 
Compressible flow in gases, 2-214 to 2-219 
Compressional waves, definition of, 3-3 
in fluids, 2-14 
in sound, 3-46, 3-47 
Compton effect, 8-88 to 8-89 
Comp ton scattering, 8-89 

cross section per electron vs gamma 
energy (f), 8-89 
Compton wavelength, of electron, 8-4 
of neutron, 8-4, 8-129 
of proton, 8-4 
Computation, mathematical aids to, 1-1 to 

1-5 
Computing devices, 1-1 
Concentration of radioisotopes in air and 

water*, 8-253 
Condenser, acoustic analogue of, 3-141 to 

3-142 
Conductances, equivalent, of electrolytes 
(T), 5-270 
of ions in various solutions (T's), 5-271 
limiting equivalent (T's), 5-271 
Conduction, of copper wire (T) , 5-198 to 
5-200 
of electricity in gases, 5-166 to 5-184 
Conductivity, of atmosphere at various 
locations (T), 5-285, 5-286 
effect of frequency on, for copper, 5-197, 

5-200 
effect of pressure on (T), 5-190, 5-195 
formulas for, 5-95 to 5-97 
ionic, in salts, 5-185 to 5-196 
of ionic conductors, 5-186 to 5-188 
of mixed ionic and electronic conduction 

(T), 5-192 to 5-194 
per cent, definition of, 5-197 
representative values of (T), 5-162 
of sea water, 2-120 
thermal (see Thermal conductivity) 
Conductivity parameters, 5-39 
Conductors, definition of, 5-3 

a-c resistance /d-c resistance for solid 

round wire (T), 5-201 
and anomalous skin effect, 5-200 
current-carrying capacities of insulated 

(T's), 5-202 to 5-203, 5-257 
fluid types of, 3-47 
ionic (see Ionic conductors) 
properties of, metallic, 5-197 to 5-205 
nonmetallic, 5-166 to 5-197 



Conductors, resistance of rectangular (f) 
5-92 ? 

skin-effect data for (T), 5-85, 5-90 to 5^-95 
transport numbers for ionic (T), 5-191 to 
5-194 
Configurational entropy, 2-81 
Conical resonators, frequency of (T), 3-103 
Conical tube, 3-103 
Conjugate foci, definition of, 6-3 
Conservation, of energy, definition, 2-5 to 
2-8 
in viscous fluids, 3-29 
of mass in viscous fluids, 3-27 
of momentum, 2-5, 2*7 
Conservative force, definition of, 2-6 
Constantan, emf of thermocouples using 

(T's>, 4-11 to 4-12 
Constitutive parameters and field vectors, 

5-38 to 5-*3£ 
Constitutive relations in viscous fluids, 3-27 
Contact discontinuity and shock waves, 

2-232 
Contact-potential effect, definition of , 5-5 
Con tinerital platform, 2-115 
Continuity equations, for acoustic energy, 
-3-44-: / - 
for electrical currents and charges, 5-36 to 

5-38 
in fluids, 2-13 
in gas flew; 2*215, 2-221 
for viscous fluids; 3-27 to 3-28 
Continuous spectrum, definition of, 3-3 
Control of various nuclear reactors (T), 

8-228 to 8-239 
Convergence of ocean waves, 2-123 
Conversion equations, relating radiation 
dose to flux, 8-251 
for temperature scales (T), 4-2 
Conversion factors, for absolute viscosity 
(T), 2-202 
acoustical (T), 3-24 
area (f), 2-16 
of atomic un|ts (T), 7-4 
for international vs. absolute electrical 

units (T), 5-106 
for kinematic viscosity (T) , 2-203 
length (T), 2-15 
mass-energy, 8-4 
quantum energy, 8-4 
for thermal conductivity (T), 4-66 
for thermodynamic properties of, gases 

(T), 4-81 
volume (T), 2-16 

for X- or gamma-ray absorption in air 
(T), 8-253 
Conversion formulas for neutrons, 8-129 
Conversion probability curves for ions in 

various substances (f's), 7-201 to 7-202 
Conversion tables for optical density vs per 

cent transmission (T), 6-39 
Converters, a-c to d-c, 5-260 
Coolants for nuclear reactors, 8-228 to 8-239 
Coordinate systems, 2-2 
Coordinate transforms, 3-36 
Copper, emf of copper vs. constantan ther- 
mocouples (T), 4-11 
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Copper, energy loss and range of protons in 
(T), 8-24 to 8-25, 8-35 
frequency vs. conductivity for, 6-197, 

5-200 
resistance vs. temperature for, 5-197 
skin depth and h-f resistance for (f), 5-200 
Copper I, energy-level diagram of <f), 7-38 
Copper alloys, densities of (T), 2-26 to 2-28 
elastic and strength constants of (T's), 
" 2-66 to 2-68, 3-81 
Copper crystals, attenuation peaks and dec- 
rement for (f), 3-88 
Copper oxide rectifier, 6-266 
Copper potassium sulfate, properties of (T), 

4-14, 4-17 to 4-18 
Copper sulfate, properties of (T), 4-14, 4-20 
Copper wire tables, solid wire (T), 5-198 to 

5-199 
Coriolis forces, definition of, 2-5 
Coriolis parameter (T), 2-130, 2-131 
Cosmic abundance, definition of , 8-5 

of stable nuclei (T), 8-6 to 8-17 
Cosmo tron, 8-177 
Coulomb, definition of, 5-2- 

international vs. absolute (T), 5-106 
Coulomb forces in stable nuclei, 8-5 
Coulomb scattering of charged particles, 
...:■. 8-36- ■*' 
Coulomb's law, 5-3 
Couplers and acoustic analogy, 3-177 
Coupling in atomic spectra, 7-17 to 7-18 
Creep, 2-36 to &90 

rates for various materials (T) , 2-89 to 

2-90 
in solids (f), 2-84 
typical curve of (f), 2-87 
Critical absorption wavelengths in X-ray 

spectra (T) , 7-130 to 7-132 
Critical cavitation number (f) , 2-185 
Critical constants in heat, 4-21 to 4-23 
Critical densities of elements and com- 
pounds, 4-21 to 4-23 
Critical energy, of electrons, definition of, 
8-38 
of various substances (T), 8-39 
Critical frequency band in hearing (T), 

3-127 
Critical pressure, for cavitation in sea water 
(f), 2-184- 
of elements and compounds, 4-21 to 4-23 : 
of inorganic and organic substances (T), 
4-21 to^-23 
Critical temperature, of elements and com- 
pounds (T), 4-21 to 4-23 
of inorganic and organic substances (T), 
4-21 to 4-23 
Crochet* definition of, 5-294 
Cross section, for neutrons, 8-130, 8-143 to 
S-144, 8-169^ 
nuclear, definition of , 8-3 
Cryogenic liquids, density of (T), 2-146 
Crystal size of various cathode-ray-tube 

phosphors (T), 6-113 
Crystal systems, lattice constants for (1) 

(T),2-45 
Crystalline medium, Hooke's law for, 2-11 
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Crystalline quartz, index of refraction of 

(T), 6-23 to 6-25 
Crystalline solids, dielectric constants of 

(T's), 5-115 to 5-118 
Crystallization of metals, 3-75 
Crystallographic data, 2-44 to 2-54 
for compounds, 2-53 to 2-54 
for elements (T) , 2-48 to 2-52 
Crystals, anisotropy constant of (T), 5-222 
antiferroelectric, properties of (T), 5-156 
coefficients of linear thermal expansion of 

(T), 4-54 to 4-55 
copper, attenuation peaks and decrement 

of (f), 3-88 
cubic (see Cubic crystals) 
.densities of (T), 3-77 to 3-78 
elastic constants and coefficients of (T's), 

2-56 to 2-58, 3-81, 3-82 
electro-optic coefficients for, (T), 6-97 
ferroelectric, properties of (T), 5-155 to 

5-156 
hexagonal (T), 2-57 
piezoelectric, properties of (T), 3-93 
rhombic (T), 2-58 
saturation magnetostriction of, 5-222, 

5-223 
tetragonal (T), 2-57 
thermal conductivity of (T), 4-72 to 4-73, 

4-79 
trigonal (T), 2-57 
Verdet constants for (T), 6-95 
Cubic crystal systems (T), 2-45, 2-47 
Cubic crystals, elastic constants and coeffi- 
cients of (T), 2-56 
magnetic crystal anisotropy constants of 

(T), 5-221. 
magnetostriction constants of (T), 5-223 
saturation magnetostriction of, 5-222, 

5-223 
thermal conductivity of (T), 4-72 to 4-73 
Cubical expansion, coefficients of, for ele- 
ments (T), 4-56 
for liquids (T), 4-62, 4-63 
Cumulonimbus clouds (f), 2-130, 2-134 
Cumulus clouds (f), 2-130, 2-134 
Curie, definition of, 8-250 
Curie constants of paramagnetic materials 

(T's), 4-14, 5-241 to 5-243 
Curie law and paramagnetism, 5-100 
Curie point, definition of, 5^3, 5-206 
effect of pressure on (T)< 5-220 
and saturation magnetization (T), 5-208 
Curie points, of binary compounds (T), 
5-213 
of cobalt alloys (T), 5-210 
of ferrites (T), 5-211, 5-212 
of ferroelectric crystals (T) y 5-155 to 5-156 
of ferromagnetic elements (T), 5-208 
of high-permeability materials (T), 5-216 
of iron alloys (T), 5-209 
of iron-cobalt-nickel alloys (f), 5-207 
of nickel alloys (T), 5-210 
of spinels (T), 5-212 
Curie temperature, definition of, 5-101 
Curie- Weiss law, 5-101, 5-236 
Curium 242, decay scheme of (f), 8-47 



Current carriers, mobility of, 5-157, 5-159 to 

5-160 
Current-carrying capacities of insulated 

conductors (T's), 5-202 to 5-203, 5-257 
Current density, cathode, in glow discharge 

(T), 5-185 
Current noise in radiation detectors, 6-115 
Current transformers, 5-259 
Cutoff wavelength and frequency, 5-58 
Cyclohexane, first Townsend ionization 

coefficient in (f), 5-169 
Cyclotron resonance of electrons and holes, 

5-99 to 5-100 
Cyclotrons, description of types of, 8-173 to 

8-175 
world-wide list of (T), 8-189 to 8-193 
Cylinder, capacitance per unit length of, 

5-15 
drag data for (f), 2-226, 2-228 
magnetic induction due to, 5-25 
Cylindrical coordinates, base vectors in (f), 

2-3 
definition of, 2-3 
Cylindrical shell, skin-effect formulas for, 

5-95 
Cylindrical wave functions, 5-45 to 5-46 



D-layer in atmosphere (f), 2-130 

D'Alembert's principle, 2-5 

Darcy unit, definition of, 2-180 

Darcy'slaw, 2-179 

Day, definition of, 2-14 

D-C generator, characteristics of (f), 5-259 

connections for (f), 5-258 
D-C motors, characteristic curves for (f ) , 
5-246 
fractional-horsepower, characteristics of 

(T), 5-253 
integral-horsepower, characteristics of 

(T), 5-254 to 5-255 
in relation to generators, 5-246 to 5-250 
D-C resistance, ratio of a-c to, for solid 

round wire (T) , 5-201 
Dead room, definition of, 3-17 
Deafness, 3-12 
Debye C v values (T), 4-44 
Debye equation, 4-44 
Debye temperatures, definition of, 4-44, 
4-46, 4-63 
of metals (T), 4-48 
of nonmetals (T), 4-47 
of superconductors (T) , 4-49 
Decay, type of, for light nuclei (f's) (T), 
8-58 to 8-86 
for nuclides (T), 8-98 to 8-128 
Decay constant, definition of, 3-6, 3-17 
Decay energy vs. mass number for alpha 

particles (f), 8-46 
Decay-energy cycles for radioactive series 
An through 4n + 3 (f's), 8-42 to 8-45 
Decay-energy profile, alpha (f), 8-46 
Decay-energy systematics of heavy ele- 
ments, 8-40 to 8-56 
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Decay products, mesons and hyperons (T) , 

8-241 
Decay schemes, of odd-nucleon alpha emit- 
ters (f), *-54 

of Th 228 and Cm 242 (f), 8-47 
Decibel, definition of, 3-3 
"Dee" in betatron, 8-173 
Deep-water waves, 2-122 
Deflecting instruments, 5-113 
Deflection of vertical in geodesy, 2-94 
Deformable media, dynamics of, 2-10 to 

2-12 
Deformation, rate of, in viscous fluids, 3-27 
Degeneracy and electronic structure, 7-18 
Degenerate case in wave mechanics, 7-166 
Degenerate modes of spherical resonators, 

5-66 to 5-67 
Degree, definition of, 2-14 
Deionization, 5-166, 5-171 
Demagnetization curves, of Alnico 5 (f), 
5-218 

of permanent-magnet alloys (f), 5-218 
Demagnetizing factors, definition of, 5-240 

for rods and ellipsoids (T), 5-244 
Density, of air (T), 3-57 

of alloys (T) , 2-22 to 2-30 

of aluminum alloys (T), 2-24 

in amagat units, 4-118 

of cobalt alloys, 2-25 

of copper alloys (T), 2-26 to 2-28 

critical, of elements and compounds (T), 
4-21 to 4-23 
of inorganic and organic substances 
(T), 4-21 to 4-23 

of crystals (T), 3-77 to 3-78 

definition of, 2^4 

of earth, 2-101 

of elementary gases (T) , 2-198 

of elements in solid form (T), 2-17 to 2-20 

of gases (T), 2-197 to 2-201, 3-56, 3-57 

of glasses (T), 3-77 to 3-78 

of high-permeability materials (T), 5-216 

of inorganic gases (T), 2-199 

of ions in lower atmosphere (T), 5-284 

of lead alloys (T), 2-29 

of liquids, 2-136 
various (T), 6-18 

of magnesium alloys (T), 2-29 

measurement in liquids, 2-136 

of metals (T), 3-77 to 3-78 

of nickel alloys (T), 2-30 

of organic gases (T), 2-200 

of paramagnetic salts (T), 4-14 

of plasties (T), 2-34 to 2-35, 3-77 to 3-78 

of resins (T), 2-34 to 2-35 

of rubber (T), 2-35 

of solids at 20°C (T), 2-21 

and sound transmission in solids, 3-74 to 
3-79 

of steam (T), 4-114 

of steels (T), 2-22 to 2-23 

of water, fresh and sea (T), 3-69 
sea 2-117 

of woods (T), 2-31 to 2-33 

X-ray, of crystals (T), 3-77 to 3-78 

of zinc alloys* (T), 2-30 



Density defects for pure ionic conductors 

(T), 5-189 
Density measurement of gases, 2-197 to 

2-198 
Density tables, for chloro-fluoro liquids (T) , 
2-149 
for cryogenic liquids (T), 2-146 
for deuterium (T), 2-139 
for ethyl alcohol (T), 2-142 
for fluorocarbon liquids (T), 2-149 
for inorganic liquids (T), 2-143 
for liquids of normally gaseous substances 

(T), 2-144 
for mercury (T), 2-140 
for methyl alcohol (T), 2-140 to 2-141 
for organic liquids (T), 2-147 
for water (T), 2-138 to 2-139 
Derived units, definition of, 2-15 
Detectability, threshold of ,3-14 
Detonation and shock Waves; 2-233 
Deuterium, atomic mass of, 8-4 
density of (T), 2-139 
fractional distillation of, 2-137 
virial coefficients for (T), 4-125 
volume related to pressure and tempera- 
ture (T), 2-154 
Deuteron, mass of (T), 7-3 

range-energy relation in Ilford C-2 emul- 
sion (f), 8-32 
range straggling in copper (f 's) , 8-37 
symbols for, 8-3 
Diamagnetic body, definition o'f, '5-3 
Diamagnetic liquids, Faraday rotation in , 

(T), 5-232 
Diamagnetic solids, Faraday rotation in 

(T), 5-232 
Diamagnetism, definition of, 5-100 
Diatomic gases and shock waves (T), 2-235 
Diatomic molecules, constants of (T) , 7-136 
to 7-141 
energy-level and potential curves of (f's), 

7-142 to 7-145 
and Zeeman effect, 7-169 
Dielectric bodies, definition of, 5-3 

in electrostatic fields, 5-22 to 5-23 
Dielectric boundary formulas^ 5-21 to 5-22 
Dielectric capacitivity of piezoelectric crys- 
tals (T), 3-93 
Dielectric constants, of antiferroelectric 
crystals (T), 5-156 
of commercial dielectrics (T), 5-147 
definition of, 5-2 
of ferroelectric crystals (T), 5-155 to 

5-156 
of inorganic liquids (T), 5-133 
of inorganic solids (T), 5-115 to 5-117 
of liquids (T's), 5-132 to 5-147 
of organic liquids (T), 5-134 to 5-142 
of organic solids (T), 5-118 
of reference gases (T), 5-147 
of standard liquids (T), 5-132 
of transducer materials (f), 3-97 
variation with temperature (f)* 5-131 
Dielectric crystals, thermal conductivity of 
(T), 4-79 
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Dielectric properties, of amorphous solids, 
5-120 to 5-132 
of ceramics (T), 5-120 to 5-121 
of gases (T's), 5-147 to 5-149 
Of glasses (T), 5-122 to 5-123 
of plastics (T), 5-124 to 5-130 
of rubbers(T), 5-124 to 5-130 
Dielectric strength, relative, of gases (T), 
5-148 to 5-149 
of nitrogen vapor (T), 5-148 to 5-149 
Dielectrics, commercial, dielectric constants 
of (T), 5-147 
properties of, 5-114 to 5-156 
thermal conductivity of (T), 4-79 
Dieterici equation as a virial expansion, 

4-119 
Difference limen, definition of, 3-12 
Differential cross, section, 5-71 
Differential diffusion coefficients of various 

solutions (T), 5-272 
Differential equations for electrical, me- 
chanical, and acoustical systems, 3-137 
to 3-138 
Differential forms of Maxwell's equations, 

5-40 
Differential formulations in electrical field 

equations, 5-37 to 5-38 
Differential scattering cross section of neu- 
trons, definition of, 8-130 
Differential threshold for intensity in hear- 
ing (T), 3-126 
Diffraction, definition of, 6-3 
Diffraction grating, definition of, 6-3 
Diffuse sound field, 3-120 
Diffusing surfaces, reflection coefficients for 

incandescent light on (T), 6-43 
Diffusion, in gases, 2-11 to 2-214 

in liquids, 2-189 to 2-195 
Diffusion coefficients, ambipolar, for several 
gases (T), 7-218 
of aqueous solutions, variation witn tem- 
perature (T), 2-194 
of concentrated electrolytes (T), 2-191 
definition of, 2-80, 2-211 
of dilute electrolytes (T), 2-190 
of ions in gases, 7-205 
for liquids, definition of, 2-189 
of metals (T), 2-79 to 2-80 
of nonaqueous solutions (T), 2-195 
of ftonelectrolytes (T), 2-192 
of organic compounds (T), 2-193 
variation, with concentration (T), 2-213 

with pressure (f), 2-213 
of various gases (T), 2-212 
Diffusion constants for electrons and holes, 

5-160 
Diffusion diagram for atmosphere (f), 2-135 
Diffusion equation in fluid motion, 3-40 
Diffusivity, of miscellaneous materials 
(T), 4-74 
of sea water (T), 2-122 
Dilatation rate in viscous fluids, 3-27 
Dilatational deformation, 2-10 
Dilatometer, 2-136 

Dimensional analysis in sound absorption, 
3-45 to 3-46* 



Dimensions of electrical quantities (T), 5-6 

to 5-7 
DIMPLE reactor, 8-240 
Dip of earth's magnetic field, 5-291 
Dipole, force, mutual energy, and torque, 
5-21 
potential of, 5-21 
Dipole radiators, electric and magnetic, 5-69 

to 5-70 
Dipole rotation, 5-114 
Direct sound, definition of, 3-17 
Directional radiation, from circular piston, 
3-111 
from thin circular ring, 3-111 to 3-112 
Directivity of a radiator, 5-69 
Directivity factor, definition of, 3-10 
Directivity index, definition of, 3-11 
of piston or ring .(f), 3-112 
of transducer, 3-110, 3-112 
Discharge characteristics, normal cathode 

fall (T), 5-184 
Discrete radio sources, 6-122 to 6-123 
Dispersion, definition of, 6-4 

index of refraction vs., for optical glass (f), 
6-33 
Dispersive power, definition of, 6-4 
Dissociation constants, of electrolytes (T) , 
5-280 
of water (T), 5-280 
Dissociation energy of diatomic molecules 

(T), 7-136 to 7-141 
Dissociative recombination (T), 5-171 
Dispersion of sound, 3-43 to 3-53 
and heat radiation, 3-49 to 3-50 
in liquids, 3-68 
Dispersion measure and viscothermal ab- 
sorption, 3-47 to 3-49 
Diurnal variation in ionosphere (f), 2-131 
Divergence of ocean waves, 2-123 
Dominant wavelength in eOlorimetry, 6-60 
Donors and binding energies <T), 5-160, 

5-163 
Doppler effect, definition of, 3-3, 6-4 
Drag in cavitating flow, 2-187 to 2-188 
Drag coefficients, of flowing liquids, 2-183 
vs. Reynolds number for cylinder and 

sphere (f), 2-226 
for various bodies (T), 2-188 
Drag data in gas flow, 2-226 to 2-228 
Drift mobilities of germanium and silicon 

(T), 5-159 
Drift velocity, definition of, 7-203 
of electrons, 5-96 

in various substances (f's), 7-205 to 
7-209 
of ions in various substances (f's), 7r-212 
to 7-218 
Drop-weight method of surface tension 

measurement, 2-176 
Dry-adiabatic lapse rate, 2-127 
Dynamic-field equations, 5-36 to 5-95 
Dynamic modulus of elasticity, 2-85 to 

2-86 
Dynamic similarity in gas flow, 2-215 
Dynamic viscosity, definition of, 2-201 
of sea water (T), 2-122 . 



Dynamics, of deformable media, 2-10 to 
2-12 

fluid, 2-12 to 2-14 

noninertial, 2*5 

of rigid bodies, 2-8 to 2*10 

and systems of particles, 2-6 
Dyne, definition of » 2*15 



E 



E waves, 5-47 

EM waves (see Electromagnetic waves) 
Ear, acoustic impedance of (T) , 3-123, 
-, 3-124,, 

loudness level, 3-13 
minimum^ audible pressure on external 

(T), 3*124 to 3-125 
parts of (T), 3-123 
physical dimensions of (T) , 3-123 
and pitch, 3-13 
thresholds for, 3-14 
Earth, altitude yariation of crust (T), 2-115 
characteristics of crust, 2-115 to 2-116 
dimensions of, 2-100 
elastic constants in, 2*108 
electric and magnetic properties of, 5-283 

to 5-297 
electrical characteristics of , 5-289 to £-291 
location of magnetic poles of (T) , 5-292 
longitudinal waves in (T) , 2-1 03 
magnetic moment of, 5~292 
magnetism of, 5-291 to 5-295 
methods of measuring size and shape of, 

2-96 to 2-97 
miscellaneous constants for (T) , 2-91 
nonelastic properties . of interior of (T), 

2-113 to 2-114 
physical and orbital data for (T*s) ,2-90, 
2-91 " ,.., 

pressures in, 2-108 
resistivity of, 5-290 to 5-291 
seismicity of, 2-1 10 to 2-112 
wave velocities in, 2-108 
Earth currents (electrical), 5-289 to 5-290 
Earth ellipsoid, dimensions of (T) , 2-94 
Earth materials, resistivities of (f) ? 5-29Q 
Earthquake waves, energy reflection data 
for (T), 2-105, 2-106 
energy refraction data for (T), 2-105, 

2-106 
periods and amplitudes, 2-102 to 2-103 
reflection and refraction of , 2-104 to 2-106 
travel times of (T^), 2-103 to 2-104 

equations for, 2-107 to 2-108 
types Of, and symbols for, 2-106 to 2-107 
velocity equations, 2-107 to 2-108 
Earthquakes, aftershock of, 2-113 
average energy release of (T), 2-112 
comparison of shallow, intermediate, and 

deep (T), 2-111 
epicentral distances for (T), 2-107 
focal deaths of (T), 2-107 
intensity of, 2-108 

at epicenter (T), 2-111 
magnitude of, 2-108 

vs. depth for greatest shock (T), 2^112 
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Earth -s magnetic field, characteristics of, 
5-291 to 5-293 
origin of; 5-293 

transient phenomena in, -5-293 to 5-294 
Eccentricity of planetary orbits (T), 2-&Q 
Echo, definition of, 3-3 
Eddy current, definition of , 5-3 
Eddy-current constant for magnetic losses 

at low induction (T) , 5-220 
Eddy-current heating of sphere, 5-95 : 
Eddy diffusion in atmosphere, 2-135 
Edison^ effect, definition of, 5-4 
Effective acoustic center, definition of, 3-11 
Effective bandwidth, definition of, 3-1 1 
Effective decay energy vs. log half life for 

Various alpha emitters (f), 8-54 
Effective particle 5 velocity, definition of , 3-3 
Effective secondary emission of electrons by 
various substances (f's), 7-199 to 7-200 
Effective sound pressure, definition of, 3-3 
Effective volume velocity, definition of; 3-8 
Einsteiii-de Hass effect, 5-103 
Einstein ^viscosity equation, 2-181 
Elastance coefficients, 5-17 to 6-18 
Elastic aftereffect, 2-84 to 2-86 
Elastic coefficients of crystals (T), 2-55 to ; 

2-58 
Elastic collisions, by electrons in various 
substances (Va), 7-175 to 7-176 
by ions of various substances (f's), 7-186 
•■• to7-188 : ; ■ ■■•>■ >. 

Elastic constants, of copper alloys (T), 3-81 
of crystals (T), 2-55 to 2-58, 3-74 
of cubic crystals (T), 3-81 
in earth, 2-108 

f undainental equations for, 2-102 
of glasses (T?, 3-80 
of hexagonal crystals (T), 3-&2 
of metals 0T), 3-80 
of isoelectric crystals (T) , 3-93 
of plastics, 3-80 

of polycrystalline solids (T), 2-55 to 2-80 
of rocks (T), 2-102 
of solids, 3-74 to 3-79 
of various metals (T), 3-83 
Elastic hysteresis, 2-84 to 2-86. 
Elastic medium, definition of, 2-10 

Hooke's law for, 2-11 
Elastic modulus, 2-84 to 2-86, 
Elastic scattering of photons (f), 8-91 to 

8-92 
Elasticity, moduli of, 2-84 to 2-86 

notation and symbols, 2-55 
Electric charge, definition of ,5-2 

on precipitation particles (T), 5-287 
Electric circuit, acoustic analogy to, 3-140, 
to 3-142 
definition of , 5-4 

magnetic fields about, 5-25 to 5-27 
magnetic forces on, 5-32 to 5-33 
Electric current, average full load for motoj.-s 
(T), 5-256 
definition of, 5-2 
in earth, 5-289 to 5-291 
Electric dipole as radiator, 5-69 
Electric-dipole radiation, 7-21 
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Electric-dipoie transition, selection and 

polarization rules for (T), 7-168 
Electric field, vs. altitude in lower atmos- 
phere (T), 5-286 
oi atmosphere <T)» 5^285 
inside clouds (T), 5-286 
near thunderstorms (f), 5-;287 
Electric generators (see Generators) 
Electric impedance, vector, equation for, 

3-138 
Electric intensity, definition of, 5-2 
Electric lines of force, definition of, 5-4 
Electric mesher, 3-141 

Electric motors, a-c and d-c, 5-246 to 5-250 
average full-load current for (f), 5-259 
control and protection of, 5-^254 to 5-257 
fractional-horsepower (T), 5-253 
integral horsepower characteristics of (T) , 

5-254 to 5-255 
relative cost of (f's), 5-251 
selection criteria for, 5-250 to 5-252 
standard ratings of frequency, horse- 
power, speed, and voltage, 5r252 
Electric polarization, 5-3 
Electric power level, definition of, 3-3 
Electric quadrupole moment of stable nuclei 

(T), 8-6 to 8-17 
Electric tubes of flux, definition of, 5-4 
Electrical-apparatus standard, 5-245 to 

5-246 
Electrical characteristics of thunderstorms 

(T), 5-288 
Electrical circuit (see Electric circuit) 
Electrical conduction of rocks, 5-290 to 

5-291 
Electrical conductivity (see Conductivity) 
Electrical formulas, 5-12 to 5-104 

for capacitance,, mks units, 5-12 to 5-18 
for dielectric boundary, 5-21 to 5-22 
dynamic-field equations, 5-36 to 5-95 
electrostatic-force, 5-18 to 5-21 
multipole, 5-21 
for reduction to cgs, esu, and emu (T's), 

5-8 
for reduction to mks units (T), 5-10 to 

5-11 
static-current flow, 5-23 to 5r25 
static field, 5-12 to 5-36 
for transition between unit systems (T)* 
5-6 to 5-11 
Electrical instruments, deflecting, 5-H3 
Electrical power practices, 5-245 to 5-268 
Electrical properties, of earth and stars, 
5-283 to 5-297 
of metallic conductors, 5-197 to 5-205 
of pure metals (T), 5-204 
Electrical quantities, mks symbols, units, 
definitions, and dimensions (T's), 
3-139, 5-6 to 5-7 
Electrical resistance and acoustic analogy, 

3-134, 3-136 
Electrical resistivity (see Resistivity) 
Electrical schematic diagrams, based on im- 
pedance analogy (T), 3-145 to 3-176 
based on mobility analogy (T), 3-144 to 
3-176 



Electrical standards, basis for, 5-105 

history of, 5-105 to 5-106 
Electrical symbols (T), 3-139 
Electrical system, graphical representation 
of (f's), 3-136, 3-137 
of one degree of freedom, 3-137 to 3-138 
Electrical units (T), 3-139 

international vs absolute (T), 5-106 
maintenance of, 5-106 
Electricity, atmospheric, 5-283 to 5-289 

terrestrial, 5-289 to 5-291 
Electroacoustical reciprocity theorem, defi- 
nition of * 3-11 
Electrochemical data, sources and symbols, 

5-268 to 5-269 
Electrochemistry, 5-268 to 5^-283 
Electrodes, definition Of, 5-3, 5-4 
Electro-dynamical analogies with acoustics, 

3-134 to 3-139 
Electrolysis, definition of, 5-4 
Electrolyte, definition of, 5-4 

diffusion coefficients of (T), 2-190, 2-191 
dissociation constants of (T), 5-280 
equivalent conductances and cation trans- 
ference numbers (T), 5-270 
mean-ionic-activity coefficients of (T), 
5-278 
Electromagnetic field, definition of, 5-38 
Electromagnetic units and electrical 

formulas (T), 5-9 
Electromagnetic waves, in bounded regions, 
5-56 to 5-57 
guided, 5-47 to 5-65 
types, 5-47, 5-57 
Electromechanical coupling of piezoelectric 

crystals (T), 3-93 
Electromechanical coupling factor for trans- 
ducers, 3-89 
Electromotance, definition of, 5-2 
Electromotive force, definition of, 5-2 
standards of, 5-107 to 5-109 

for half cells in water (T), 5-274 to 
5-276 
Electron acceleration, in betatrons, 8-17& to 
8-176 
in linear accelerators, 8-178 
by magnetic induction, 8-175 to 8-176 
in synchrotrons, 8-176 to 8-177 
Electron attachment, efficiency of, for vari- 
ous gases (f's), 5-172 to 5-177 
for various substances (f's), 7-182 to 
7-186 
Electron conduction, 5-97 
Electron configurations of atoms (T), 7-13 

to 7-15 
Electron emission, secondary, ratio to pri- 
mary for several substances (f's)> 
7-203 
for various substances (f's), 7-192 to 
7-198 
Electron energy losses in various gaseB (f's) , 

5-181 to 5-183 
Electron spin, definition of, 7-17 
Electron stream, space-charge waves in» 
6-75 
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Electron synchrotron, description of, 8-176 
to 8-177 
world-wide list of (T), 8-196 to 8-197 
Electron temperature of discharge vs tube 

radius (f), 5-183 
Electron transitions, selection rules for, 7-20 

to 7-21, 7-25 
Electron traps and electron conduction, 

5-160 
Electron yield of various substances (f's), 

7-192 to 7-198 
Electronic conductors, conductivity for (T) , 
5-192 to 5-194 
transport numbers for (T), 5-191 to 5-194 
Electronic constants, and Debye tempera- 
ture, 4-46 
for metals (T), 4-48 
for superconductors (T), 4-49 
Electronic rectifiers, 5-260 
Electronic structure of atoms (T), 7-13 to 

7-15 
Electronic thermal agitation noise in radia- 
tion detectors, 6-115 
Electrons, absorption curve for, in alu- 
minum (f), 8-38 
attachment coefficients for various sub- 
stances (f's), 7-182 to 7-186 
Compton wavelength of, 8-4 
cyclotron resonance, 6-99 to 5-100 
drift velocity of (f's), 7-205 to 7-209 
effective secondary emission of (f's), 7-199 

to 7-200 
elastic collisions of (f's), 7-175 to 7-176 
and Hall mobilities (T), 5-161 
inelastic collisions of (f's), 7-177 to 7-182 
ionization by, 5-166 
magnetic moment of , 8-4 
mean energy of (f's), 7*210 to 7-211 
mobility of, 5-157, 5-159 to 5-160 
motion of, in gases, 7-174 to 7-219. 
passage of, through matter, 8-38 to 8-40 
range-energy relation of, in aluminum (f), 

8-39 
rest mass of, 8-4 
symbols for, 8-3 
various constants of (T), 7-3 
Electro-optic coefficients for various crys- 
tals (T), 6-97 
Electro-optic effect, definition of, 6-94 
Electrophonic effect, definition of , 3-12 
Electrostatic accelerators, description of, 
8-172 to 8-173 
world-wide list of (T), 8-182 to 8-188 
Electrostatic fields, and dielectric bodies, 
5-22 to 5-23 
potential in, 5-3 
Electrostatic-force formulas, 5-18 to 6-21 
Electrostatic generators, world-wide list of 

(T), 8-182 to 8-188 
Electrostatic units and electrical formulas 

(T), 5-8 
Electrostriction, definition of, 5-4 
Electrostrictive transducers, 3-92 to 3-98 
Elementary gases, densities of (T), 3*198 
Elements, alphabetical list of (T), 7-5 to 7-7 
atomic numbers of (T) , 7*5 to 7-8 



Elements, atomic susceptibility of (f ) , 5-236 
coefficients of cubical thermal expansion 

of (T), 4-56 
coefficients of linear thermal expansion 

of (T's), 4-51 to 4-55 
critical temperatures, pressures, and 

densities of (T), 4-21 to 4-23 
crystallographic data for (T), 2-48 to 2-52 
decay-energy systematics of heavy, 8-40 

to 8-56 
density of (T), 2-17 to 2-20 
gamma rays accompanying neutron cap- 
ture in (T), 8-94 to 8-96 
Hall constants of (T), 5-237 
heats of fusion of (T), 4-131 to 4-159 
heats of sublimation of (T), 4-131 to 

4-159 
heats of transition of (T), 4-131 to 4-159 
heats of vaporisation of (T), 4-131 to 

4-159 
isotopes of (T's), 8-154 to 8-168, 8-170 

to 8-171 
latent heats of (T), 4-131 to 4-159 
melting parameters of (T's), 4-30 to 4-32 
molar heat capacities of (T's), 4-40 to 

4-43 
neutron binding energies of (T), 8-155 to 

8-143 
periodic system of (T), 7-8 
persistent spectral lines of (T), 7-39 to 

7-41 
phase transition data for (T), 4-130 to 

4-159 
reaction and scattering cross sections of 

(T's), 8-154 to 8-168, 8-170 to 8-171 
relative volumes of (T), 4-29 
resistivity of, vs temperature for (T), 4-13 
symbols for (T), 7-5 to 7-8 
thermal cross sections of (T's), 8-154 to 

8-168, 8-170 to 8-171 
thermal emf in relation to platinum (T), 

4-6 to 4-7 
various properties of (T), 7-9 to 7-12 
Elevation vs atmospheric. pressure, temper- 
ature, and density (T), 3-58 
Ellipsoid, Clarke and Krassovski, 2-96 
demagnetizing factors for (T), 5-244 
international, 2-100 to 2-101 
Elongation, of metals and alloys (T), 2-61 
to 2-78 
in tensile testing, definition of, 2-69 
Emission bands of various cathode-ray-tube 

phosphors (T), 6-113 
Emission color of various cathode-ray-tube 

phosphors (T), 6-113 
Emissive power, definition of, 6-4 
Emissivity, definition of, 6-4 
of globar sources (f), 6-81 
of solids, definition of, 6-73 
spectral, brightness vs. temperature for 
(T), 6-75 
of oxides (T), 6-74 
of unoxidised surfaces (T), 6-73 
of various substances (T), 6-72 
total, apparent vs. true temperature for 
(T), 6-76 
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Emissivity, total, for metals with unoxi- 
dized surfaces (T), 6-75 
of various materials (T), 6-68 to 6-71 
Emitted peak and range of fluorescent , 

chemicals (T), 6-111 
End correction for organ pipe, 3-103 
Energetics, acoustical, 3-41 to 3-43 
Energy, conservation of, 2-5 to 2-8 
of earthquake waves (T), 2-105, 2-106 
of earthquakes, 2-112 
gamma and particle, of nuclides (T) , 8-98 

to 8-128 
kinetic, definition of, 2-4 
mean, of electrons in several substances 

(fs), 7-210 to 7-211 
mutual, of two dipoles, 5-21 
potential, definition of, 2-6 
Energy balance, in fluids, 3-42 

and nuclear reactions, 8-2 
Energy density, definition of, 3-6 

in fluids, 3-42 
Energy equation in gas flow, 2-215, 2-221 
Energy gaps, definition of, 5-157 

for various substances (T), 5-158 to 5-159 
Energy-level curves, of C2 (fs), 7-142 
of CN (fs), 7-143 
of O2 (fs), 7-145 
Energy-level diagrams, of atoms (fs), 7-26 
to 7-37 
of X-ray spectra (f), 7-124 
Energy levels, of CO(f), 7-143 

of light nuclei (fs) (T), 8-56, 8-58 to 8-86 
of N 2 (g), 7-144 
of NO (f), 7-144 

of X-ray spectra (T), 7-133 to 7-135 
Energy loss, per ion pair in various gases 
(T), 8-36, 8-38 
of protons, in air (f) , 8-26 

in aluminum (f ) (T) , 8-28, 8-35 
in beryllium (T), 8-35 ' 

in copper (T's), 8-24 to 8-25, 8-35 
in gold (T), 8-35 
in lead (T), 8-33 to 8-34 
in mica (T), 8-35 
in silver (T), 8-30 to 8-34 
Energy product of materials for permanent 

magnets (T), 5-219 
Energy-product curve of Alnico 5 (f), 5-218 
Energy reflection in earthquake waves (T), 

2-105 
Energy refraction in earthquake waves (T), 

2-106 
Energy relations for viscous fluids, 3-29 to 

3-31 
Energy release of earthquakes (T), 2-112 
Energy state, lifetime (or width) of, for light 

nuclei (fs) (T), 8-58 to 8-86 
Energy transmission in earthquake waves 

(T), 2-105 
English sperm candle, definition of, 6-10 
Enthalpy, of air (T), 4-85 
of argon (T), 4-90 
of carbon dioxide (T), 4-93 
of hydrogen (T), 4-98 
of nitrogen (T) , 4-1 06 
of oxygen (T), 4-111 



Enthalpy, of steam (T) , 4-1 16 
Entropy, of air (T), 4-86 
of, argon (T), 4-91 
of carbon dioxide (T), 4-93 
of helium at various temperatures (T), 

4-30 
of hydrogen (T), 4-99 
of nitrogen (T), 4-107 
of oxygen (T), 4-112 
of a solid (T) , 4-44, 4-46 
and sound absorption, 3-44 
standard, of monatomic and polyatomic 

ions (T), 5-281, 5-282 
of steam (T), 4-117 
Entropy diagram, for helium (f), 4-94 

for hydrogen (f), 4-100 to 4-102 
Epicenter of earthquakes (T), 2-103, 2-107, 

2-111 
Equal-loudness contours, definition of, 3-13 
Equally tempered intervals (T), 3-14 
Equally tempered scale, definition of, 3-14 

frequencies of (T), 3-16, 3-105 
Equations, of motion, for elastic media, 2-12 
for gas flow, 2-214 to 2-223 
for rigid bodies, 2-8 to 2-9 
of state, and gas flow, 2-215, 2-221 
for viscous fluids, 3-29 to 3-31 
Equilibrium, static, definition of, 2-9 
Equilibrium distance for diatomic molecules 

(T), 7-136 to 7-141 
Equivalent circuit, for magnetostrictive rod 
(f), 3-100 
for magnetostrictive transducers, 3-98 
for piezoelectric crystal (f), 3-90, 3-92 
Equivalent conductances of electrolytes 

(T), 5-270 
Equivalent electrons, 7-20 

atomic levels f or n (T), 7-21 
Equivalent noise input, of detector, defini- 
tion of, 6-119 
of thermal radiation detectors (T), 6-118 
Equivalent physical roentgen, definition of, 

8-250 
Erg, definition of, 2-15 
Ethanol, limiting equivalent conductances 

of ions in (T), 5-271 
Ether, volume related to pressure and tem- 
perature (T), 2-161 
Ethyl alcohol, density of (T), 2-142 

volume related to pressure and tempera- 
V. ture(T), 2-157 
Ettingshausen coefficient, 5-99 
Ettingshausen effect, definition of, 5-4, 5-99 
Euler momentum equation in gas flow, 

2-214 
Euler's continuity equation, 3-27 to 3-28 
Euler' s equations, 2-9 
Euler's formula and international ellipsoid, 

2-101 
Evaporated mirror coatings, optical con- 
stants of (T), 6-104 
Even multiplicities, g values in L-S coupling 

(T), 7-172 to 7-173 
Even-even alpha emitters, 8-46 
ground-state transitions, 8-55 
transitions to excited s*ate t 8-55 to 8-56 
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Even-even nuclei, first excited-state ener- 
gies of (f), 8-53 

Exact wave equation, 3-35 

Excitation energy of light nuclei (f *s) (T) , 
8-56, 8-58 to 8-86 

Excited-state emissions of alpha emitters, 
8-55 to 8-56 

Excited-state energies of even-even nuclei 
(f),8-53 

Exciting range of fluorescent chemicals (T) , 
6-111 

Experimental piles, 8-227 

Extensionar deformation, 2-10 

Extensional waves in solids, 3-75 

External ear canal, minimum audible pres- 
sure for (T) , 3-124 to 3-125 

Extinction, index of, 6-2 

Extinction coefficient (optical), definition 
of, 6-102 
in infrared (T), 6-38 
of light, definition of, 6-36 

Eyes, maximum permissible exposure to 
ionizing radiation for (T), 8-255 



Fabry-Perot filter (f), 6-45, 6-47 
Fahrenheit temperatures, conversion equa- 
tions for (T), 4-2 
Far zone of radiation field, 5-68 
Far-zone field and current distribution, 

Fourier transform relations for, 5-72 
Farad, international vs. absolute (T), 5-106 
Faraday effect, 5-231, 6-4, 6-91 to 6-94 
Faraday's law of induction, 5-3 
Faraday rotation, in ferrites (T), 5-234 to 
5-235 
as function of field strength (f), 5-233 
at microwave frequencies, 5-64 to 5-65 
in various materials (T), 5-232 
(See also Magneto-optical rotation) 
Fast-neutron cross sections, 8-130, 8-143 
Fast-neutron fission yields (T), 8-216 to 

8-218 
Feeling, threshold of discomfort, definition 

of, 3-14 
Fermat's principle of least time, definition 

of, 6-4 
Ferramic-type ferrites, properties of (T), 

5-2l7 
Ferrimagnetic materials, definition of, 5-4 
Ferrimagnetic resonance, 5-104 
Ferrimagnetism, 5-102 
Ferrite materials, Faraday rotation in (T) , 

5-234 to 5-235 
Ferrite-type transducers, materials for, 

3-92 
Ferrites, Bohr magneton numbers and Curie 
points of (T), 5-211, 5-212 
magnetostrictive properties of (T), 3-99 
properties of Ferroxcube and Ferramic 

types (T), 5-217 
saturation magnetization and Curie 
points of (T), 5-211, 5-212 
Ferroelectric crystals, properties of (T), 
5-155 to 5-156 



Ferroelectric materials, acoustic losses in, 
3-85 to 3-86 
definition of, 5-4 
and transducers, 3-89 
Ferromagnetic elements, Bohr magneton 
numbers, Curie points, and saturation 
magnetization of (T), 6-208 
Ferromagnetic magnetized films, magnetic 

rotatory power of (T), 6-96 
Ferromagnetic materials, acoustic losses in, 
3-85 to 3-86 
definition of, 5-4 
Ferromagnetic resonance, 5-104 
Ferromagnetism, 5-101 
Ferroxcube-type ferrites, properties of (T), 

5-217 
Fick's diffusion equation^ 2-189 
Field, anechoic sound, 3-2 

sound, 3-6 
Field equations, differential formulations 
in, 5-37 to 5-38 
dynamic, 5-36 to 5-44 
integral formulations in, 5-36 to 5-37 
Field intensity, magnetic, of sun (T), 5-295 
Field strength, fractional volume change 

with (T), 5-224 
Field vectors, and constitutive parameters, 
5-38 to 5-39 
wave equations for, 5-42 
Filter (light) plates, transmission curves of 

(f), 6-49 
Filter sections, design of low-pass, high* 

pass, and band-pass (T), 5-86 to 5-89 
Filters, glass, polarizing and interference, 
6-43 to 6-50 
with 7T sections (T), 5-86 to 5-89 
with T intermediate sections (T) , 5-86 to 
5-89 
Finite amplitude waves, 3-37 to 3-39 
First-order acoustic equations, 3-33 
First-order vorticity, 3-40 
Fission, definition of, 8-2 

types of, 8-212 
Fission fragments, range of, 8-36 
Fission-product chains (T), 8-202 to 8-211 
Fission yields, charged-particle (T), 8~219 
to 8-221 
fast-neutron (T), 8-216 to 8-218 
photo- (T), 8-222 to 8-224 
spontaneous (T) , 8-225 
thermal neutron (T), 8-212 to 8-215 
Fissionable nuclei, resonance parameters of 

(T), 8-153 
Fine-structure constant (T), 7-3 
Five-atom molecules, fundamental vibra- 
tions of (T), 7-150 
rotational constants and geometric para- 
meters of, asymmetric-top (T), 7-159 
linear (T), 7-156 
spherical-top (T), 7-157 to 7-158 
symmetric-top (T), 7-157 to 7-158 
Fixed cavities, 2-183, 2-187 
Fixed temperature points, on international 
temperature scale (T), 4-3 
secondary (T), 4-5 
Flame standards (T) , 6-9 
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Flat plate, heat transfer data for (f), 2-229, 
2-230 
skin-friction data for, 2-228 
turbulent flow along (f), 2-227 
Flat strips, capacitance per unit length, 5-15 

to 5-16 
Floors, sound transmission loss through (T) , 

3-121 
Flow variables vs. Mach number for isen- 

tropic gas flow (T), 2-218 
Flow- velocity components of liquid jets, 

2-196 
Flowing liquids, symbols and definitions for, 

2-182 to 2-183 
Fluid dynamics, 2-12 to 2-14 
Bernoulli's principle, 2-13 
and viscous fluids, 2-13 
Fluid flow properties of porous media, 2-179 

to 2-180 
Fluids, in equilibrium, 2-12 

sound propagation in, 3-25 to 3-55 
viscous {see Viscous fluids) 
waves in, 2-14 
Fluorescence, of gases and vapors (T), 6-112 
of organic substances in solution (T), 
6-111 
Fluorescent chemicals, characteristics of 

(T), 6-111 
Fluorine, energy levels of (f) (T), 8-77 to 

8-85 
Fluorocarbon liquids, density of (T), 2-149 
Flutter echo, definition of, 3-4 
Flux, luminous, definition of, 6-52 

maximum permissible for normal neutron 
beam (T), 8-256 
FM cyclotron, description of, 8-174 to 8-175 
Focal depths of earthquakes (T), 2-107 
Foot-candle, definition of, 6-4, 6-10 
Foot-lambert, definition of, 6-9 
Force, centrifugal, 2-5 
Coriolis, 2-5 
definition of, 2-4 
on dipole, 5-21 
moment of, 2-6 to 2-7 
Force equation for viscous fluids, 3-27 to 

3-29 
Force factor, of ceramics (T), 3-95 
of piezoelectric crystals (T) , 3-93 
Force law, 5-41 
Foreign betatrons, list and descriptions of 

(T), 8-195 
Foreign cyclotrons and synchrotrons, list 

and descriptions of (T), 8-191 to 8-193 
Foreign electron synchrotrons, list and 
descriptions of (T), 8-196 to 8-197 
Foreign electrostatic generators, list and 

descriptions of (T), 8-185 to 8-188 
Foreign linear accelerators, list and 

descriptions of (T), 8-200 to 8-201 
Foreign proton synchrotrons, list and 

descriptions of (T), 8-198 to 8-199 
Form factors in demagnetization, 5-240 
Formant frequencies in American speech 

(T) , 3-131 to 3-132 
Formative time lag, 5-180 
Foucault current, definition of, 5-3 



Four-atom molecules, fundamental vibra- 
tions of (T), 7-148 to 7-149 
rotational constants and geometrical 
parameters of, asymmetric-top (T), 
7-155 
linear (T), 7-154 
spherical-top (T), 7-154 
symmetric-top (T), 7-154 
Fourier-Kirchhoff-Neuman energy equa- 
tion, 3-29 
Fractional change of volume of incompres- 
sible metals (T), 4-28 
Fractional distillation, 2-137 
Fragments, fission, definition of, 8-2 
Fraunhofer's lines, 6-4 
Free electrons and spin resonance, 5-103 
Free field, definition of, 3-4 
Free particle and wave mechanics, 7-162 
Free surface, 2-12 

of liquids, and shock waves, 2-235 
Free surface energy, 2-175 
Freezing point of sea water, 2-116 
French reactor program, 8-240 
Frenkel defects (T), 5-185, 5-195 
Frequencies, of equal-tempered scale, 3-105 

microwave letter notation for (T) , 5-62 
Frequency, of conical resonators (T), 3-103 
critical hearing band (T), 3-127 
dielectric, of ceramics, 5-120 to 5-121 
of commercial dielectrics (T) , 5-147 
of glasses, 5-122 to 5-123 
of plastics (T), 5-124 to 5-130 
of rubbers (T), 5-124 to 5-130 
differential threshold, in hearing (T), 

3-126 
effect On conductivity of copper, 5-197, 

5-200 
fundamental, of air columns and rods, 
3-102 to 3-103 
of strings, 3-100 to 3-102 
and pitch (T), 3-129 
relative, of sounds in American speech 

(T), 3-131 to 3-132 
of simple vibrators, 3-100 to 3-106 
of tuning fork, 3-104 
of vibration of bars (T), 3-104, 3-106 
Frequency bands, equivalent, in speech (T) , 

3-133 
Frequency number and sound absorption, 

3-46 
Frequency perturbations in strings (T), 

3-102 
Frequency ratings of electric motors, 5-252 
Frequency ratios for intervals in cents (T), 

3-106, 3-107 
Frequency standards, 5-112 to 5-113 
Fresh water, properties of (T), 3-69 
Fresnel's formulas, 6-7 
Friction, coefficients of (T), 2-39 to 2-44 
rolling (f), 2-43 to 2-44 
sliding, 2-40 
static (T), 2-39 to 2-40 
Friction factor vs. Reynolds number, rough 

pipes (f), 2-225 
Frictional force, 2-39 



INDEX 



19 



Fuel cores of various nuclear reactors (T), 

8-228 to 8-239 
Fuels for various nuclear reactors (T), 8-228 

to 8-239 
Full-load currents, average, for motors (T) 

5-256 
Fundamental frequency, of air columns and 

rods, 3-102 to 3-103 
of strings, 3-100 to 3-102 
Fundamental tone, definition of, 3-14 
Fundamental units in mechanics, 2-14 to 

2-15 
Fundamental vibrations of polyatomic 

molecules (T's), 7-147 to 7-151 
Fused-quartz glass, index of refraction of 

(T), 6-31 
Fused silica, optical properties of, 6-40 
Fusion, heat of, for elements and com- 
pounds (T), 4-131 to 4-159 

G 

g factor and Zeeman effect, 7-169 

g values, for L-S coupling, 7-170 to 7-173 

Gabbro, 2-108 

Gadolinium sulfate, properties of (T), 4-14. 

4-19 
Gain function of radiating system, 6-68 to 

5-69 
Galactic magnetism, 5-295 to 5-297 
Galactic radio noise, 6-122 
Galvanomagnetic effect, 5-97 to 5-100 
Gamma energy in neutron capture for ele- 
ments (T), 8-96 
Gamma quantum, symbols for, 8-3 
Gamma-ray absorption in air (T) , 8-253 
Gamma-ray energy of nuclides (T), 8-98 to 

8-128 
Gamma rays, 8-87 to 8-95 
absorption of, 8-87 

total, 8-92 to 8-93 
angular correlation and polarization of, 

8-93 
linear absorption coefficient for (f), 8-93 
maximum permissible exposure to (T's) 

8-254, 8-255 
and neutron capture (T), 8-94 to 8-96 
Gas, diffusion in, 2-21 1 to 2-214 
laminar flow in, 2-220 to 2-224 
turbulent flow in, 2-224 to 2-228 
Gas constants, 3-56 to 3-60 
per mole (T), 7-3 
R in various units (T), 4-80 
Gas diode and triode rectifiers, 5-263 
Gas flow, axially symmetric, 2-^17 to 2-219 
basic parameters of, 2-221 
Blasius flow, 2-224 
boundary layer relations for, 2-223 
compressible, 2-214 to 2-219 
drag data for, 2-226 to 2-228 
equations for, 2-214 to 2-223 
continuity, 2-215 
energy, 2-215 
Euler momentum, 2-214 
linearized theory, 2-219 
of motion, 2-220 to 2-221 



Gas flow, equations for, one-dimensional, 
2-216 to 2-217 
of state, 2-215 

two-dimensional, 2-217 to 2-219, 2-223 
flow variables vs. Mach number for (T) 

2-218 
heat transfer data for, 2-228 to 2-230 
hypersonic similarity rule for, 2-219 
Prandtl-Glauert rule for, 2-219 
and skin-friction data, 2-228 
stream function for, 2-217 
transonic similarity rule for, 2-219 
turbulent, along flat plate (f), 2-227 
two-dimensional, through pipe, 2-222 
velocity potential for, 2-217 
wall-friction relations (f), 2-225 to 2-226 
Gas flow parameters, 2-215 
Gas mixtures, viscosity of, 2-205 to 2-206 
Gas temperature of discharge vs. tube radius 

(f), 5-183 
Gaseous substances, liquid densities of (T) . 

2-144 
Gases, absolute viscosities of (T), 2-207 
acoustic properties of, 3-56 to 3-67 
cathode fall in, for various metals (TV. 

5-184 
characteristic impedance of (T) , 3-63 
coefficient of self-diffusion for (T), 2-213 
compressible flow in, 2-214 to 2-219 
conduction (electrical) in, 5-166 to 5-184 
critical energy and radiation length for 

(T), 8-39 
density of (T), 2-197 to 2-201, 3-56, 3-57 
dielectric properties of (T's), 5-147 to 

5-149 
diffusion coefficients of (T), 2-212 to 2-213 
vs. concentration (T), 2-213 • 
vs. pressure (T), 2-213 
dissociative recombination in (T), 5-171 
energy loss per ion pair in (T) , 8-38 
Faraday rotation in (T), 5-232 
fluorescence of (T) , 6-1 12 
index of refraction of (T), 6-21 
isothermal compressibility of liquefied 

(T), 2-162 
kinematic viscosities of (T), 2-208 
Lennard- Jones potential function con- 
stants for (T), 4-129 
motions of electrons and ions in, 7-174 

to 7-219 
pressure-volume-temperature relation- 
ships for, 4-118 to 4-129 
recombination coefficients of (T's), 5-171 
relative dielectric strengths of (T), 5-148 

to 5-149 
relative volume vs. temperature for (T's) 

4-26 
shock wave properties of (T), 2-235 
specific heats of, at C p and C v (T), 3-59 
thermal conductivities of (T), 3-58 to 

3-61, 4-71 
thermodynamic properties of, 4-80 to 

4-117 
Verdet constants for (T), 6-91 
viscosity, 2-201 to 2-210, 3-58 
viscosity coefficients for (T) , 3-60 
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Gel-sol-gel transformation, 2-81 
Gels, definition of, 2-81 

mechanical properties of, 2-81 to 2-83 
shear modulus of (T) , 2-83 
General transmission lines, formulas for (T) , 

5-50 
Generators, a-c and d-c, 5-246 to 5-250 
d-c, characteristics of (f), 5-259 

connections for, 5-258 
operating principles of, 5-258 
world-wide list of electrostatic (T), 8-182 
to 8-188 
Geodesy, principal problems of, 2-92 to 2-95 
Geodetic data, 2-92 to 2-101 
Geodetic problem, 2-93 
Geodetic symbols, 2-92 
Geodetic systems, 2-95 to 2-96 
Geoid, definition of, 2-92 

gravimetrical undulations of, 2-99 to 
2-100 
Geomagnetic field vector, position of (T), 

5-292 
Geomagnetic poles, 5-291 
Geomagnetic tide, 5-293 
Geomagnetism, 5-291 

Geometric parameters of polyatomic mole- 
cules (T's), 7-152 to 7-161 
Geopotential, definition of, 2-1 25 
vs. geometric height (T), 2-126 
Geopotential meter, 2-125 
Geostrophic wind, 2-130 to 2-131 
Germanium, extinction coefficients of (T), 
e qc 
index of refraction of (T), 6-26 to 6-27 
Gibbs-Hamilton notation, 3-28 
Glass, density of (T), 3-77 to 3-78 

dielectric frequency and volume resis- 
tivity of (T), 5-122 to 5-123 
dielectric properties of (T), 5-122 to 5-123 
elastic constants of (T) , 3-80 
impedance of : (T), 3-80 
index of refraction, of National Bureau of 
Standards (T), 6-32 
of new types (T), 6-33 
Verdet constants for (T), 6-95 
wave velocities in (T), 3-80 
Glass filters, 6-43 to 6-44 
Globar light sources, characteristics of (f), 
6-81 
emissivity of (f), 6-81 
Glossy surfaces, reflection coefficients for 

incandescent light on (T) , 6-43 
Glow discharge, cathode current density in 

(T), 5-185 . 

Glower light sources, characteristics of (I), 

6-81 
Glycerin volume related to pressure and 

temperature (T), 2-161 
Glycine, diffusion coefficients of (T), 2-192 
Glycolamide, diffusion coefficients (T), 

2-192 
Golay pneumatic cell, characteristics of (T) 

6-118 
Gold, energy loss of protons in (T) , 8-35 
Gold alloys, elastic and strength constants 
for (T), 2-62 to 2-63 



Gonads, maximum permissible exposure of, 

to ionizing radiation (T), 8-255 
Gradient wind, 2-132 
Grain rotation and thermal losses, 3-84 
Grain scattering and thermal losses, 3-85 
Gram-ionic weight of paramagnetic salts 

(T), 4-14 
Granitic rocks, 2-108 
Grashof number and gas flow, 2^221 
Gravimetric undulations, 2-99 
Gravimetrical method of earth measure- 
ment, 2-96 
Gravitational constants (T), 2-91 
Gravity anomalies and earth measurement, 

2-97 
Gravity formula, 2-98, 2-99 
Gravity values for earth, 2-101 
Gravity waves in sea water, 2-122 to 2-123 
Ground-state configuration of stable nuclei 

(T), 8-6 to 8-17 
Ground-state transitions of alpha emitters, 

8-55 to 8-56 
Ground states of atoms (T), 7-13 to 7-15 
Ground surfaces, reflection coefficients for 

incandescent light on (T) , 6-43 
Group velocity of waves, 5-51, 5-58 
Gruneisen's equation, constants in (T), 4-64 

definition of, 4-63 
Gut strings, mass per unit length (T), 3-101 
Gyromagnetic effects, 5-4, 5-103 to 5-104 
Gyromagnetic ratio, definition of, 5-103, 
5-229 
of various substances (T), 5-229, 5-230 



H waves, 5-47 

Half cells, standard emf of (T), 5-274 to 

5-276 
Half life, vs. effective alpha energy for vari- 
ous alpha emitters (f), 8-54 
of nuclides (T), 8^97 to_&d28, 8-202 to 
*-2ir~^~~ 
Hall angle, definition of, 5-159 
Hall coefficients, 5-98 
Hall constant, definition of, 5-157, 5^233 

of various materials (T), 5-237 to 6-238 
Hall effect, definition of, 5-4, 5-98, 5-157, 

5-159 
Hall mobilities of various substances (T), 

5-161 
Hamiltonian in wave mechanics, 7-162 
Handbooks, mathematical, list of, 1-2 to 

1-5 
Hardness numbers, definitions of, 2-69, 2-78, 
2-80 
(See also Brinell hardness number) 
Harmonic, definition of, 3-14 
Harmonic oscillator and wave mechanics, 

7-162 
Harmonic series, of sounds, definition of, 
3-15 
in string vibrators, 3-102 
Hartree units, 7-174 
Health physics, 8-250 to 8-257 

definitions of units, 8-250 to 8-251 ? 
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Hearing, critical frequency band of (T), 
3-127 -■? 
differential thresholds of, for intensity 

and frequency (T), 3-126 
and localization of sound, 3-129 
and loudness, 3-13, 3-128 to 3-129 
loudness level vs. pressure and frequency, 

(T), 3-128 
■mask-iag-, definition of, 3-13 
minimum audible pressure on ear for (T) , 

3-124 to 3-125 
per cent of, definition of, 3-13 
and physical dimensions of ear (T), 3-123 
and pitch, 3-13 

pitch vs. frequency (T), 3-129 
of short-duration sounds, 3-127 
and sound masking, 3-127 
and speech, 3-123 to 3-133 
threshold of feeling or discomfort, 3-126 
and thresholds, 3-14 
Hearing loss, definition of , 3*12 to 3-13 
Heat, of fusion (T) , 4-13 1 to 4-1 59 
of sublimation (T), 4-131 to 4-159 
of transition (T) , 4-131 to 4-159 
of vaporization (T), 4-131 to 4-159 
Heat capacities, molar, of elements (T's), 
4-41 to 4-43 
of various substances, 4-39 to 4-50 
Heat content; molal, of solutes (T), 5-281 
Heat-exchange equation for viscous fluids, 

3-27 
Heat flow, and attenuation for metals (T), 
3-83 

intergrain, in metals (T), 3-83 
in Solids, 3-79 

Heat flux in viscous liquids, 3-31 
Heat index in stellar radiation, 6-80 
Heat radiation, coefficient of, 3-31 
and sound absorption and dispersion, 
3-49 to 3-50 
Heat transfer, from flat plate (f), 2-229 
in gas flow (f 's) , 2-228 to 2-230 
and skin friction, 2-230 
Heavy meson, 8-227 
Heavy nuclei, resonance parameters of (T), 

8-147 to 8-152 
Heavy particles, range-energy relations, 8-23 

straggling of, 8-36 
Hefner unit, 6-6, 6-9, 6-10 
Heisenberg exchange coupling, 5-101 
Helicotrema in ear (T), 3-123 
Helium, electron power losses in (f), 5-182 
energy levels of <f) (T) , 8-58, 8-59 
principal spectral lines of (T), 7-43 to 7-45 
solid, volume and compressibility of (T), 

4-27 
temperature-entropy diagram for (f), 4-94 
virial coeflicients for (T), 4-119 to 4-120 
Helium I, energy-level diagram of (f), 7-28 
Helix, magnetic induction of, 5-27 
Helmholtz coil, 5^26 
Helmholtz resonator, 3-103 to 3-104 
Henry, international vs. absolute (T), 5-106 
Henry's law, 2-120 

Hermite polynomials and wave mechanics. 
7-162,7-1*4 



Hexagonal crystal systems (f) (T), 2-45, 

2-47 
Hexagonal crystals, elastic constants and 

coefficients (T), fc-57 
Hexagonal symmetry, 3-75 
High-pass filter sections, design of (T), 5-86 

to 5-89 
High-permeability materials, properties of 

(T), 5-216 
High-pressure effects, 4-24 to 4-38 
Hole conduction (electricity), 5*97 
Hole traps and electron conduction, 5-160 
Holes and Hall mobilities (T), 5-161 
Hooke's law, 2-10, 2-11 
Horns and beam formation, 5-73 
Horsepower characteristics of motors (T's) 

5-253 to 5-255 
Horsepower rating of electric motors (T) 

5-252 
Horsepower requirements and electric 

motor selection, 5-250 to 5-251 
Horseshoe magnets, 5-36 
Hour, definition of, 2-14 
Humidity, effects of, on sound propagation 

3-63 to 3-66 
Huy gens ' theory of light, 6-4 
Huygens-Fresnel principle, 5-72 to 5-73 
Hydraulic junction, 3-141, 3-143 
Hydrocarbons (saturated), acoustic proper- 
ties of (T), 3-72 : 
Hydrogen, atomic mass of, 7-3, 8-4 
compressibility factor for (T), 4-95 
electron energy losses in (f), 5-182 
enthalpy of (T), 4-98 
entropy of (T) , 4-99 
ionization per volt in (f), 5-170 
Prandtl numbers for (T) , 2-223 
relative density of (T), 4-96 
specific heat of (T), 4-97 
temperature-entropy diagram for (f) 

4-100 to 4-102 
thermodynamic conversion factors for 

(T),4-81 
total neutron cross section of (f), 8-131 
virial coeflicients for (T), 4-124 
Hydrogen chloride, efficiency electron at- 
tachment in (f), 5-173 
mean-ionic-activity coefticient of (T) 
5-279 \ 

Hydrogen isotopes, masses of (T), 7-3 
Hydrogen sulfide, efficiency electron attach- 
ment in (f), 5-174 
Hyperfine splitting of atomic hydrogen 

(T), 6-122 
Hyperfine structure and Zeeman effect, 

7-169 
Hyperfragments, 8-245 
Hyperons, characteristics of (T), 8-241 
8-244 to 8-245 
definition of, 8-240 to 8-241 
and excited nucleons, 8-245 
nomenclature for, 8-240 to 8-241 
Hypersonic similarity rule for gas flow, 

2-219 
Hypsometry, 2-126 
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Hysteresis constant for magnetic losses at 

low induction (T), 5-220 
Hysteresis curves, definition of, 5-4 
Hysteresis loss and maximum induction in 

several materials (f), 5-215 



Ice, transition parameters (f ) (T) , 4-34, 

4-35 
Ideal gas relations and shock waves (T) , 

2-232 to 2-233, 2-235 
Ideal transmission lines, formulas for (T), 

5-50 
Ignition rectifiers, 5-263 
Ilford C-2 emulsion, range-energy relations 
for alpha particles, deuterons, protons, 
and tritons in, 8-32 
Illuminants, efficiencies of different types 
(T), 6-77 
standard (T), 6-56 
Illumination, definition of, 6-4, 6-9 
Image force, definition of, 5-4 
Impedance, acoustical, 3-8, 3-53, 3-108 to 
3-110 
American Standard, 3-8 
characteristic, definition of, 3-9, 3-62 

for gases (T), 3-63 
of ear (T), 3-123, 3-124 
of glasses (T), 3-80 
mechanical, 3-9 
of metals (T), 3-80 
of organic liquids (T), 3-72, 3-73 
of plastics, 3-80 
and sound transmission in solids, 3-74 to 

3-79 
vector, equations for, 3-138 
of water, fresh and sea (T), 3-69 
Impedance analogy, and acoustics, 3-140 
to 3-177 
definition of, 3-140 

symbols for constructing schematic dia- 
gram based on (T), 3-145 to 3-176 
Impedance matching, curves of (f), 5-52 

in transmission lines, 5-51 
Impulse-momentum theorem, 2-5 
Incandescent light, reflection coefficients 

for (T), 6-43 
Incipient cavitation, cavitation number 

(f), 2-186 
Inclination, of earth's magnetic field, 5-291 

of planets to ecliptic (T), 2-90 
Incremental variables, 3-32 
Incus in ear (T), 3-123 
Index of extinction, definition of , 6-2 
Index of refraction, 6-11 to 6-35 
of acids (T), 6-22 

of biaxial minerals (T>, 6-14 to 6-17 
definition of, 6-4, 6-102, 6-103 
vs. dispersion for optical glass (f) , 6-33 
of evaporated mirror coatings (T), 6-104 
of f used-quartz glass (T), 6-31 
of gases and vapors (T), 6-21 
of liquids relative to air (T), 6-18 
liquids used in measuring (T), 6-35 



Index of refraction, of National Bureau of 
Standards optical glass, 6-32 
of optical plastics (T), 6-19 to 6-20 
of quartz at various temperatures (T), 

6-34 
of salt solutions (T), 6-22 
of sea water, 2-119 
of some new glasses (T), 6-33 
of special optical materials (T), 6-23 to 

6-30 
uniaxial minerals (T), 6-12 to 6-13 
of various metals (T's), 6-105 to 6-107 
Inductance and acoustic analogy, 3-135, 

3-136 
Inductance standards, 5-110 to 5-112 
Induction, low, magnetic losses at, 5-200 
of magnetic material, 5-206 
variation of hysteresis loss with (f), 5-215 
Inductive reactance and sound absorption, 

3-45 
Inductors, 5-110 to 5-112 
Inelastic collisions by electrons in various 

substances (f 's) , 7-177 to 7-182 
Inertance and acoustic analogy, 3-135 
Inertia, moments of, for various bodies^ 

(T), 2-38 to 2-39 
Inertial forces, definition of, 2-5 
Inertial frame of reference, 2-3 to 2-4 
Infrared reflecting factors of dry pigments 

(T), 6-41 
Infrared standard wavelength (T), 6-88 to 

6-90 
Infrasonic frequency, definition of, 3-4 
Inharmonicity, definition of, 3-102 
Initial permeability, definition of, 5-214 
Inorganic aqueous solutions, surface ten- 
sion of (T), 2-177 
Inorganic gases, densities of (T), 2-199 
Inorganic liquids, densities of (T), 2-143 
dielectric constants of (T), 5-133 
Verdet constants for (T), 6-92 
Inorganic solids, dielectric constants of 

(T), 5-115 to 5-117 
Inorganic substances, critical temperatures, 
pressures, and densities of (T), 4-21 to 
4-22 
Insertion loss, definition of, 3-9 
Insolation, definition of, 2-132 
Inspected electrical equipment, list of, 

5-245 
Instantaneous acceleration, definition of , 

2-3 

Instantaneous angular velocity, 2-8 
Instantaneous cubical expansion, 2-151 
Instantaneous sound pressure, definition 

of, 3-4 
Instantaneous speech power, definition of, 

3-13 
Instantaneous velocity, 2-2 
Instrument transformers, 5-259 to 5-260 
Instruments, deflecting, 5-113 
Insulated conductors, current-carrying 

capacities of (T), 5-202 to 5-203, 5-257 
Insulating materials, thermal conductivity 

of (T), 4-68 to 4-70 
Integral forms of Maxwell's equations, 5-40 
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Integral formulations in electrical field 

equations, 5-36 to 5-37 
Intelligibility of speech, definition of, 3-12 
Intensity, atomic selection rules of, 7-25 to 
7-26 
differential threshold of, in hearing (T) 

3-126 
of illumination, definition of, 6-5 
level of sound, 3-3 
of radiation, definition of, 6-5 
of sound, definition of, 3-6 
of standard spectral lines (T), 6*83 to 6-86 
in Zeeman effect, 7-169 
Interference filters, 6-45 to 6-50 
multilayer, 6-46 to 6-47 
polarization, 6-48, 
Intergraui heat flow, in metals (T), 3-83 

and thermal losses, 3-84 
Intermediate tissues of body, maximum per- 
missible exposure to ionizing radiation 
(T), 8-255 
Internal energy of a solid (T), 4-44, 4-45 
Internal transmittance of light, definition 

of, 6-36 
International candle, definition of, 6-3 

6-6, 6-8, 6-9 
International electrical units related to 

absolute (T), 5-106 
International ellipsoid, 2-96 to 2-99 

quantities associated with, 2-100 to 2-101 
International formula for emf of cells, 

5-108 
International gravity formula, 2-97 to 

2-99, 2-101 
International photometric standard, 6-52 
International standard A, 3-105 
International temperature scale, compari- 
son of 1927 and 1948 (T), 4-4 
definition and equations for (T), 4-3 
interpolation equations for, 4-3 
International wavelength standards in 

vacuum ultraviolet (T), 6-87 
Interval rules of atomic selection, 7-25 to 

7-26 
Intervals, definition of, 3-15 

for various frequency ratios (T), 3-106. 
3-107 
Intrinsic conduction, 5-160 
Intrinsic viscosity, 2-165 
Iodides, optical properties of, 6-40 
Ion conversion, probability curves for vari- 
ous substances (f's), 7-201 to 7-202 
Ion formation, probability of, in several 

substances (f's), 7-184 to 7-185 
Ion ground states of atoms (T), 7-13 to 

7-15 
Ion mobility for various substances (f's), 

7-212 to 7-218 
Ion production in upper atmosphere (T). 

5-284 
Ion recombination coefficient, definition of, 

5-171 
Ionic conductivity in salts, 5-185 to 5-196 
Ionic conductors, conductivity of (T's), 
5-186 to 5-188, 5-192 to 5-194 
conductivity formulas (electrical), 5-97 



Ionic conductors, density and mobility of 
defects for (T), 5-189 
transport numbers for pure and mixed 
L (T), 5-lftl to 5-194 
Ionization, atmospheric, 5-283 to 5-284 
by electrons, 5-166 

per volt in hydrogen and neon-argon mix- 
tures (f's), 5-170 
Ionization potential of atoms (T), 7-13 to 

7-15 
Ionized gases and Faraday rotation (T), 

5-235 
Ionizing radiation, permissible exposure to 

(T's), 8-254 to 8-256 
Ionosphere, diurnal and seasonal variations 
in (f), 2-131 
in relation to other atmospheric layers 
(f), 2-130 
Ionospheric regions, characteristics of (T), 

5-284 
Ions, drift velocities in various substances 
(f's), 7-212 to 7-218 
elastic collisions by, in various sub- 
stances (f's), 7-186 to 7-188 
formation, density, and mean life in 

lower atmosphere (T), 5-284 
motions in gases, 7-174 to 7-219 
surface phenomena of, 7-192 to 7-203 
and Zeeman effect in crystals, 7-171 
Iron, emf of, vs. constantan in thermo- 
couples (T), 4-11 
total cross section of (f), 8-133 
Iron I, energy-level diagram of (f), 7-37 
photoelectric traces of spectrum of (f) , 

7-103 to 7-118 
principal spectral lines of (T), 7-87 to 
7-102 
Iron II, energy-level diagram of (f), 7-36 
Iron alloys, Curie points and saturation 
magnetization of (T), 5-209 
elastic and strength constants of (T) 

2-70 to 2-71 
Hall constants of (T), 5-239 
Iron ammonium alum, properties of (T) 
4-14, 4-18 
temperature data for (T) , 4-18 
Iron-cobalt-nickel alloys, Curie points and 
saturation magnetization of (f), 5-207 
Irrotational waves, 2-12 
Isentropic gas flow, flow variables vs Mach 

number (T), 2-218 
Isobar, definition of, 8-2 
Isobaric interval, definition of, 2-132 
Isoclinic lines, 5-292 
Isocurrent junction, 3-141 
Isodynamic lines, 5-292 
Isogonic lines, 5-292 
Isomagnetic patterns, 5-292 
Isomers (T), 8-96 to 8-128 
Isoporic lines, 5-293 
Isostatic equilibrium, 2-99 
Isothermal compressibility, 2-151 
of aqueous solutions (T), 2-164 
of liquefied gases (T), 2-162 
of nitric acid (T), 2-162 
of organic liquids (T), 2-163, 2-164 
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Isothermal compressibiliy, of sulfuric acid 

(T), 2-162 
Isothermal Hall effect, 6-98 
Isothermal modulus Of elasticity, 2-85, 2-86 
Isotherms of tropopause (f) , 2-129 
Isotone, definition of, 8-2 
Isotopes, definition of, 8-2 

of elements (T's), 8-154 to 8-168, 8-170 to 
8^171 
Isotopic incoherence, 8-144 
Isotopic spin for light nuclei (f's) (T), 8-57 

to 8-86 
Isotropic media, field vectors for, 5-38 



J rule of electron transition, 7-21 

J values for multiplets (T), 7-19 to 7-20 

JetsHiquidy 2-195 to 2-197 

streamlines (f), 2-196 
Joule, international vs. absolute (T), 6-106 
Joule's law, 5-3 



K capture, 8-3 

K index and magnetic activity, definition of, 

5-294 
K mesons, 8-240, 8-242 to 8-244 
K e 3 meson, 8-244 
X M 2 meson, 8-243 ; 

Kfiz meson, 8-244 
iC-series X-ray lines* wavelengths of (T) j 

7-125 to 7-126 
Kamerlingh Onnes equation of state, 4-118 
Kelvin temperatures, conversion equations 

for (T),4-2 
Kerr* effect and Pockel's effect, 6-94 
Keyes equation, gas constants for (T), 

2-204, 2-205 
Kilowaithour, definition of, 2-15 
Kinematic coefficient of viscosity, 3-58 
Kinematic interpretation of viscosity (I), 

2-203 
Kinematic viscosity, conversion factors for 
(T), 2-203 
definition of, 2-201 • 

of sea water (T), 2-122 
units of (T), 2-203 
of various gases (T) , 2-208 
of water and water vapor (T), 2-210 
Kinematics, definitions for; 2-2 to 2-3 
Kinetic energy, definition Of , 2-4 
and work-energy theorem, 2-9 
Kirchhoff-Langevin equation, 3-46, 3-49 
Kirchhoff's formula for capacitance, 6-14 
Kirchhoff's laws, and circuit theory, 5-80 
of electric currents, 5-3 
of radiation, 6-5 
Kneser's nomogram for attenuation of 

sound (f), 3-64 
Kozeny's equation, 2-180 
Kramer's ddgeneracy and Zeeman effect, 

7-171 
Krasskouski ellipsoid, 2-96 
Krypton, viftal coefficients for (T), 4-122 



Krypton I* photoelectric traces of spectrum 
of (f), 7-71 to 7-74 
principal spectral lines of (t), 7-66 to 7-70 



L mesons, 8-240, 8-242 

L rule of electron transition, 7-25 

L, S coupling, 7-17, 7-18 ;•■ » 

g values for {T's), 7-170 to 7-173 
L-series X-ray lines/wavelengths of (T), 

7-127 to 7-128 
Lag constant for magnetic losses at low 

induction (T), 5-220 
Lagrangian wave equation, 3-35 
Lambert, definition of, 6-9, 6-10 
Lambert's law, of absorption, 6-2, 6-5. 6-6 

of illumination, 6-5 
Lame elastic moduli, 3-75 ; 
Laminar flow, circular jet, 2-195 to 2-196 
definition of, 2-224 
of gases, 2-220 to 2-224 
in plane jet, 2-197 
Lamp color of fluorescent chemicals (T), 

6-111 
Lamps, approximate brightness of various 
types (T), 6-78 
efiiciencies of various typeg (T), 6-77 
Lande splitting factor (g), definition of, 
5-231 
of various substances (T), 5-229, 5-230 
Lande's formula, 7-168 
Laplace's equation, 2-13 

in geodesy, 2-96 
Lapse rates in meteorology, '2-125 to 2-127 
Large aperature systems, 5-73 to 5-74 
LarmOr principle in particle acceleration, 

8-173 to 8-174 
Latent heat, of sea water, 2-121 

of various elements and compounds (T's) , 

4-30 to 4-159 
for various substances (T's) , 4-34 to 4-38 
Lattice constants, for compounds (T), 2-53 
to 2-54 
for crystal systems (f) (T), 2-45 
for elements (T) , 2-48 to 2-52 
Lattice energy (T), 4-45 
Lattice entropy (T), 4-46 
Lattice network, 5-84 
Lattice vibration, 4-44 
Laws arid principles, Ampere's law, 5-3 
Beer's law, 6-3 
Bernoulli's principle, 2-13 
Bragg-Gray (ionizing radiation) prin- 
ciple^ 8-250 to 8-251 
Brewster's law, 6-3 
Coulomb's law, 5-3 
Curie law (paramagnetism), 5-100 
Curie-Weiss law, 5-101, 5-236 
D'Alembert's principle, 2-5 
Darcy's law, 2-179 
Faraday's law of induction, 5-3 
Format's principle of least time; 6-4 
Henry's law, 2-210 
Hooke's law, 2-10, 2-11 
Huygena-Freanei principle, 5-72 to 6-73 
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Laws and principles, hypersonic similarity 
rule, 2-219 
Joule's law, 5-3 

Kirchhoff's laws, in circuit theory, 5-80 
of electric currents, 5-3 
of radiation, 6-5 
Lambert's law, of absorption, 6-2, 6-5 

of illumination, 6-5 
Larmor principle, 8-173 to 8-174 
Lenz's law, 5-3 \ 
Newton's laws, 2-4 to 2-5 
Ohm's law, 5-3 

phase stability principle, 8-176 
Prandtl-Glauert gas flow rule, 2-219 
Snell'slaw, 3-78 

of refraction* 6-7 
Stokes law, 2-13 
transonic similarity rule, 2-219 
Wien's displacement law, 6-8 
Lead, elastic and strength constants of (T), 
2-72 * '' 

energy loss and range of protons in (T), 

8-33 to 8-34 
proton straggling in (T), 8-36 
Young's modulus vs temperature for (f). 
3 7 96 
Lead alloys, density of (T) , 2-29 

elastic and strength constants for (T). 
2-72 
Lead sulfide color index of stellar spectral 

classes (T), 6-80 
Least mechanical equivalent of light, defi- 
nition of , 6-9 
Legendre polynomials and wave mechanics. 

7-164 to 7-165 
Length, units and conversion factors for 

(T),2-15 
Lennard- Jones potential function, constants 
for various gases (T), 4-129 
definition of, 4-129 
Lenses, 6-5 

and beam formation, 5-73 
combinations of, 6-5 
Lenz's law, 5-3 

Letter symbols in acoustics, 3-18 to 3-24 
Level, acoustic, of discomfort, 3-14 
acoustic intensity, definition of, 3-4 
band pressure, 3-2 
power-spectrum, 3-5 
pressure, 3-5 
sound, 3-6 

threshold of audibility, 3-14 
Level order, nuclear (T), 8-19 
Lifetime of energy state for light nuclei (Vai 

(T), 8-57 to 8-86 . 

Light, absorption of, 6-36 to 6-40 
Huygens' theory of, 6-4 
reflection of, by various metals (T), 6-109 

to 6-110 
transmission of, 6-36 to 6-40 

vs. wavelength (f), 6-47 
transmjttance, definition of, 6-36 
velocity of (T), 7-3 

measurements of (T), 6-119, 6-120 
Light meson, 8-227 



Light nuclei, fcnergy levels of (f's) (T), 8-56i 
8-58 to 8-86 
resonance parameters of (T), 8-145 to 
8-146 
Light sources, approximate brightness of, 
(T), 6-78 
characteristics of globar , and glower (f > . 

6-81 .>. 

efficiencies of various types (T), 6-77 
Light year, definition of, 2-14 
Lightning discharge, nature of , 5-285 to 

5-286 
Lightning strokes, characteristics of (T) 

5^28$ , 
Limiting equivalent conductances of ions in 

various solutions (T's), 5-271 
Line sound source, beam angle of radiation 
(f), 3-111, 3-112 
directional radiation from* 3-110 to 
3-111 
Line spectrum, definition of, 3-5 
Line strength for various electron transi- 
tions, 7-26 
Linear absorption coefficient of gamma 

radiation, 8-93 
Linear accelerators, electron and proton, 
8-178, 8-179 
world-wide list of (T), 8-200 to 8-201 
Linear circuit formulas, 5-23 
Linear electron accelerators, description of. 

8-178 
Linear molecules, rotational constants and 
geometrical parameters of, five-atom 
(T), 7-156 
four-atom (T), 7-154 > 

six-atom (T), 7-160 
triatomic (T), 7-152 to 7-153 
Linear proton accelerator, description of. 

8-179 
Linear thermal expansion -coefficients of 
alloys (T), 4-57 to 4-60 
of elements (T), 4-51 to 4-55 
of miscellaneous materials (T), 4-61 
of semiconductors (T), 4-63 
Linearized theory equations for gas flow 

2-219 
Linearizing of equations of motion, 3-32 
Liquefied gases, Faraday rotation in (T) 
5-232 
isothermal compressibility of (T), 2-162 
Liquid j ets, 2-195 to 2-197 
Liquids, acoustic properties, 3-67 to 3-74 
adiabatic compressibilities (T), 2-163 

2-164 
behavior under pressure, 2-152 
cavitation in, 2-182 to 2-189, 3-68 
compressibility experiments for, 2-151 
cubical expansion of (T), 4-62 
density of (T), 6-18 

and compressibility, 2-136 to 2-164 
cryogenic (T), 2-146 
dielectric constants of (T's), 5-132 to 

5-147 
diffusion in, 2-189 to 2-195 
index of refraction of, relative to air ( T) 
6-18 )Y 
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Liquids, isothermal compressibilities of (T) , 
2-163,2-164 
pressure effect and thermal conductivity 

of (T), 4-75 
pressure-volume-temperature relations 

of (T), 2-152 to 2-161 
relative volume vs. temperature for (T's) , 

4-26, 4-27 
specific rotation of (T), 6-99 
surface energy of, 2-174 to 2-176 
surface tension of (T), 2-172 to 2-176 
symbols for acoustic properties of, 3-67 
tensile strength of (T), 2-169 to 2-174 
thermal conductivity of (T), 4-71, 4-75 
used in measurement of index of refrac- 
tion <T), 6-35 
Verdet constants for various inorganic 

and metal-organic (T), 6-92 
viscosity of, 2-165 to 2-168 

organic (T), 2-169 
volume vs. pressure and temperature, 
2-151 
Lithium, energy levels of (f) (T), 8-58 to 

8-62 
Lithium fluoride, absorption coefficients of 
(T), 6-37 
index of refraction of (T), 6-23 to 6-25 
optical properties of, 6-39 
Live room, definition of, 3-17 
Lloyd mirror effect, 3-68 
Load impedance measurement in transmis- 
sion lines, 5-51 
Local anomalies in earth's magnetic field, 

5-292 
Localization of sound, 3-129 
Logarithmic decrements, and anelasticity, 
2-85, 2-86 
vs. frequency for various materials (f s), 

2-86 
of various materials (T's), 2-87 
Logarithmic mean virtual temperature, 

2-126 
Longitudinal magnetostriction as function 

of field strength (f), 5-225 
Longitudinal waves, definition of, 3-5 
reflection of, 3-78 

scattering factors of, in metals (T), 3-83 
travel time of, through earth (T), 2-104 
velocity of, 2-102 
inearth (T), 2-109 
Loschmidt's number (T) , 7-3, 7-174 
Losses due to heat flow, 3-79 
Loudness, definition of, 3-13 

and hearing, 3-128 to 3-129 
Loudness contours, 3-13 
Loudness levels, 3-13 

in hearing, definition of, 3-128 
vs. sound pressure and frequency (T), 
3-128 
Loudness units, 3-13 
Low induction loss, material constants for 

(T), 5-220 
Low-loss transmission lines, formulas for 

(T), 5-50 
Low-pass filter sections, design of (T), 
5-86 to 5-89 



Lower atmosphere and standard atmos- 
phere (T), 2-128 
Lubricants, 2-42 

viscosities of (T) , 2-168 
Lumen, definition of , 6-9, 6-10 

sco topic, 6-53 
Luminosity, photopic (T) , 6-50 to 6-52 

scotopic (T), 6-51 to 6-53 
Luminous efficiency, maximum (T), 6-63 
Luminous flux, 6-5, 6-52 

definition of, 6-5 
Luminous intensity, 6-6 
Luminous reflectances, 6-52 

maximum (T) , 6-63 

scotopic, 6-53 
Luminous transmittance, 6-52 

scotopic, 6-53 
Lux, definition of, 6-4, 6-10 
Lyophobic sols, 2-181 
Lyophilic sols, 2-181 
Lyot and Oehman filter, 6-48 
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m-derived filters, 5-84 

M rule of electron transition, 7-25 

ikf-series X-ray lilies, wavelength of (T) , 

7-129 
Mach number, definition of, 2-215 
and gas flow, 2-221, 2-229 
of incident shock wave, 2-233 
vs. skin-friction ratio (f), 2-229 
Mach reflection of shock waves, 2^234 
Mach stem and shock waves, 2-234 
Magnesium alloys, density of (T), 2-29 
elastic and strength constants of (T) , 
2-73 to 2-74 
Magnesium oxide, absorption coefficients 
of (T),6-37 
index of refraction of (T), 6-23 to 6-25 
optical properties of, 6-40 
Magnetic alloys, change of Curie point of, 
with pressure (T), 5-220 
demagnetization curves of (f), 5-218 
longitudinal magnetostriction of, as 

function of field strength (f ) , 5-225 
magnetization curves of (f) , 5-214 
variation of hysteresis loss with maxi- 
mum induction for (f), 5-215 
Magnetic axis of earth, 5-291 
Magnetic bays, definition of, 5-294 
Magnetic circuit, 5-34 to 5-35 
Magnetic crystal anisotropy constants of 

cubic crystals (T), 5-221 to 5-222 
Magnetic declination, 5-291 
Magnetic dip poles, position of (T), 5-292 
Magnetic dipole radiator, 5-69 to 5-70 
Magnetic dipole moment of stable nuclei 

(T), 8-6 to 8-17 
Magnetic ellipticity, 6-92 
Magnetic field, effect of, on atoms, 7-168 
to 7-173 
energy of permeable bodies in, 5-33 to 

5-34 
of stars, 5-297 
of sun (T), 5-295 
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Magnetic field, and sunspots,. 5-297 j 

transient penetration into plane solid, 

5-93 
for various circuit configurations , 5-25 
to 5-27 
Magnetic field strengths, polar, of stars 

(T) r 5-296 
Magnetic flux density, definition of, 5-2 
Magnetic- forces on electrical circuits, 5-32 

to 5-33 
Magnetic formulas, static-magnetic-field, 

5-25 to 5-36 
Magnetic induction, definition of, 5-2 
due to various bodies, 5-25 to 5-27 
Magnetic lines of force, definition of, 5-4 
Magnetic losses at low induction, 5-220 
Magnetic moment, direction of, in anti- 
ferromagnetic materials (T) , 5-227 to 
5-228 
of earth, 5-292 
of electron, 8-4 
of neutron, 8-129 
of nuclei, definition of , 8-5 
orientation of, in antiferromagnetic 

materials (f), 5-229 
of proton, 8-4 
Magnetic polarization, 5-3 
Magnetic properties, of earth and stars, 
5-283 to 5-297 
of materials, 5-206 to 5-244 
symbols for, 5-206 
Magnetic rotation, 6-91 to 6-94 
Magnetic rotatory power for ferromagnetic 

films (T), 6-96 
Magnetic saturation, definition of, 5-4 
Magnetic shielding, 5-34 
Magnetic sources, 5-37 

and Maxwell's equations, 5-40 
Magnetic splitting in crystals, 7-171 
Magnetic starters for electric motors, 5-256 
Magnetic storms, definition of, 5-294 
Magnetic structure of antiferromagnetic 

materials (T), 5-227 to 5-228 
Magnetic susceptibility, 6-100 
Magnetic tubes of flux, definition of, 5-4 
Magnetic-type waves, 5-47 
Magnetism, gyromagnetic effects of , 5-103 
stellar and galactic, 5-295 to 5-297 
terrestrial, 5-291 to 5-295 
types of, 5-100 to 5-103 
Magnetization curves of some commercial 

alloys (f), 5-214 
Magnetohydrodynamic action, 5-293 
Magnetomotance, definition of, 5-35 
Magneto-optical rotation* definition of, 
5-231 
of various substances (T), 5-232 
(See also Faraday effect) 
Magnetoresistance, 5-99 
Magnetostriction, definition of, 5-4 

longitudinal, as function of field strength 

(f), 5-225 
saturation, of crystals and polyerystal- 
line materials, 5-222 to 5-224 
Magnetostriction constants of cubic crys- 
tals CD, 5-223 



Magnetostriction form factors (T), 5-244 
Magnetostrictive properties of metals and 

ferrites (T), 3-99 
Magnetostrictive rod, equivalent circuit 

(f), 3-100 
Magnetostrictive transducers, 3-92 to 8-98 

equivalent circuits for, 3-89, 3-98 
Magnets, permanent, properties of mate- 
rial for (T), 5-219 
Magnifying power, definition of, 6-6 
Magnitude, various types of, of stars, 6-80 
Malleus in ear (T), 3-123 
Manganese I, energy-level diagram of (f), 

7-35 
Manganese ammonium sulfate, properties 

of (T), 4-14, 4-19 
Manganese-copper-aluminum alloys, satu- 
ration induction of (f), 5-207 
Manual starters for electric motors, 5-256 
Masking (acoustics) , definition of, 3-1 3 

of sound in hearing, 3-127 
Masking audiogram, definition of , 3-13 
Mass, acoustic, 3-8 

and acoustic analogy, 3-135 

of atomic particles (T) , 7-3 

center of, for various bodies (T), 2-36 
to 2-37 

definition of, 2-4 

of earth, 2-101 

of mesons and hyperons (T), 8-241 

of neutron, 8-129 
Mass absorption, 6-2 
Mass anomalies in geodesy (f ) , 2-93 
Mass deficiencies of oceans (f), 2-93 
Mass-energy conversion factors, 8-4 
Mass formulas, semiempirical, 8-19 to 8-21 
Mass numbers, of atoms in diatomic mole- 
cules (T), 7-136 to 7-141 

of elements (T), 7-9 to 7-12 

of stable nuclei (T), 8-6 to 8-17 
Mass reactance and sound absorption, 3-45 
Mass surplus of mountains (f), 2-93 
Mass transport velocity, 3-29 
Material coordinate transforms, 3-36 to 

3-37 : 

Material coordinates and wave equation, 
3-34 to 3-36 

Material derivatives in viscous fluids, 3-27 

Material particle, definition of, 3-27 

Mathematical tables, list of compilations 
of, 1-2 to 1-5 

Mathematics, aids to computation, 1-1 to 
1-5 

Matt surfaces, reflection coefficients for 
incandescent light on (T) , 6-43 

Maximum-bubble-pressure method of sur- 
face tension measurement, 2-176 

Maximum permeability, definition of, 
5-214 

Maximum permissible concentration of 
radioisotopes in air and water (T), 
8-256 

Maximum permissible exposures to ioniz- 
ing radiations (T's), 8-254 to 8-256 

Maximum permissible flux of normal beam 
of neutrons (T), 8-256 
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Maximum spontaneous polarization of : 
ferroelectric crystals (T) ^ 5-155 to 
6-156 
Maxwell's equations, 2-2s04 >>■■'■■. 
in various forms, 5-40 to 5*41 
Mean acoustic pressure, definition of, 3-31 
Mean distance from sun to planets (T), 

2*9Q 
Mean energies, of electrons in several sub- 
stances (f's), 7-210 to 7-211 
of; ions* definition of, 7-204 to 7-205 
Mean free path, definition of ^3*17 
Meannionic-aetivity coefficients, of elec- 
trolytes (T), 5-278 
of hydrochloric acid (T),i 5*279 
Mean life, of ions in lower, atmosphere 
., (T), 5*284 

of mesons and hyperons (T) , 8-241 
Mechanical compliance, definition of, 3-9 
Mechanical computing devices, 1-1 
Mechanical impedance, definition of, 3-9 

veetot, equation for, 3*138 ? 
Mechanical ohm, definition of, 3-9 
Mechanical properties, of gels, 2-81 to 2-82 

of thixotropie substances, 2-82 to 2*84 
Mechanical reactance, 3-9, 3-10 
Mechanical rectifiers, 5-260, 5-266 
Mechanical rectilineal quantities (T), 3-139 
Mechanical rectilineal resistance and acous- 
tic analogy, 3*134, 3*136 
Mechanical rectilineal symbols (T), 3-139 
Mechanical rectilineal systems, graphical 
representation of (f's) , 3-136, 3-1 37 
of one degree of freedom, 3-137 to 3-13S 
Mechanical rectilineal units (T), S-I39 
Mechanical resistance, definition of, 3-10 
Mechanical resonance of piezoelectric crys- 
tals, 3-91 
Mechanical rotational quantities (T) , 3-139 
Mechanical rotational resistance and acous- 
tic analogy, 3-134, 3-136 
Mechanical rotational symbols (T) , 3-139 
Mechanical rotational systems, graphical 
representation of (f's) , 3-1 36, 3-137 
of one degree of freedom, 3-137 to 3-138 
Mechanical rotatibiial units (T) , 3-1 39 
Mechanical schematic diagrams, and acous- 
tical analogy, 3-140 
based on impedance analogy (T), 3-145 

to 3-176 . ' 

based on mobility analogy (T), 3-144 to 
: : 3-176 
Mechanical systems of one degree of free- 
dom, 3-137 to 3-138 
Mechanics, Newtonian concepts of, 2-2 
Mel, definition of, 3-13, 3-129 
Melting parameters of various elements 
and compounds (T's), 4-30 to 4*33- 
Melting point of sea water, 2-117 
Melting temperature, definition of, 4-63 
Mercalli scale, 2-108 
Mercury, density of (T) , 2-1,40 
viscosity of (T) , 2-169 
volume in relation to pressure and tem- 
perature (T)j 2-155 
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Mercury I , energy-level diagram of (f) , 
7-38 
photoelectric traces of spectrum (f), 

7-122 
principal spectral lines of (T), 7-119 to 
7-121 
Mercury-arc rectifiers, 5-263, 6-266 
Mesh in circuit theory, 5-80 
Mesons, characteristics of (T), 8-241 to 
8-244 

definition and nomenclature of, 8-240 to 
8-241 
Mesosphere (f), 2-130 
Metal-organic liquids, Verdet constants 

for (T), 6-92 
Metallic conductors, properties of, 5-197 

to 5-205 
Metallic films, reflectance of light by (T), 

6-108 
Metallic rectifiers, 5-260 
Metals, absorption constants of (T's>, 
6-105 to 6-107 
adiabatic isothermal elastic constants 

of (T), 3-83 
and attenuation due to heat flow (T), 

3-83 
conductivity (electrical) formulas for, 

5-96 
creep rates of (T) , 2-89 to 2-90 
critical energy and radiation length for 

(T), 8-39 
crystallization of, 3-75 
Debye temperature for (T), 4-48 
densities of (T), 3-77 to 3-78 
diffusion coefiicients far (T's), 2-79 to 

2-80 
diff usivities of (T) , 4-74 
elastic constants for (T's), 2-61 to 2-80, 

3-80 
electrical properties of pure (T) , 5-204 
electronic constants for (T), 4-48 
fractional change in volume of (T), 4-28 
impedances of (T), 3-80 
index of refraction of (T's), 6-105 to 6-107 
intergrain heat flow in (T) , 3-83 
magnetostrictive properties of (T) , 3-99 
optical behavior of, 6-102 to 6-110 
optical constants of (T's), 6-102 to 6-110 
reflection of light by (T), 6-109 to 6-110 
scattering factors for waves (T), 3-83 
skin-effect quantities for (T) , 5-90 
sputtered mass of, in hydrogen (T), 5-185 
strength constants for (T) , 2-61 to 2*80 
superconducting transition temperatures 

for (T), 5*205 
surface tension (T), 2-174 
thermal conductivity of (T's), 4-67, 4-78 

at low temperatures, 4-77 
total emissivity of, f or unoxidized surfaces 

(T), 6-75 
wave velocities in (T), 3-80 
Meteorological data, 2-124 to 2-135 
Meteorology, composition of dry air (T) , 
2-125 
dynamical relationships in, 2-130 to 2-132 
and geopotential (T), 2-125 to 2-126 
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Meteorology, physical constants in, 2-125" 
and radiation, 2-132 to 2-134 
symbols used in, 2-124 to 2-125 
Meter-candle, definition of, 6*4, 6-10 
Methanol, limiting equivalent conductances 

of ions in (T), 5*271 
Methyl alcohol, density of (T), 2+140 to 
2-141 
volume in relation to pressure and tem- 
perature (T), 2-156 
Meyer's method of tensile strength measure- 
ment, 2-170 
Mica, energy loss of protons in (T), 8-35 
Miorobar, definition of, 3-5 
Microhysteresis effect, 3-86 
Microwave frequencies, letter notation for 

(T), 5-62 t 

Microwave spectra, 7-146 
Middle ear, dimensions of (T) , 3-123 
Millibarn* definition of, 8-3 
Millilambert, definition of, 6-10 
Milliphot, definition of r K 6-10 
Minerals, index of refraction Of, biaxial (T) , 
6-14 to 6-17 
uniaxial (T), 6-12 to 6-13 
Minimum audible pressure on external ear 

(T), 3-124 to 3-125 
Minimum audible sound, 3-125 
Minimum deviation, definition of, 6-6 
Minute, definition of, 2-14 
Mirror coatings, optical constants of evapo- 
rated (T), 6-104 . 
Mksunitsv electrical (T), 5-6 to 5-7 

and electrical formulas (T), 5-10 to 5-11 
Mobility, of defects for pure ionic con- 
ductors (T), 5-189 
drift, of germanium and silicon (T), 5-159 
of electrons, 5-96, 5-157, 5-159 to 5-160 
Hall, of various substances (T), 5-161 
of ions in various substances (f's), 7-212 to 
7-218 
Molality analogy, and acoustics, 3-140 to 
3-177 
definition of , 3-140 
and ground, earth, and sky, 3-141 
schematic diagram for* 3-142 to 3-143 
symbols for constructing schematic dia- 
gram based on (T), 3-144 to 3-176 
and wires, rods, and tubes, 3-140 to 8-141 
Mode count and acoustic energy, 3-54 
Mode of decay for light nuclei (f's) (T), 8-58 

to 8-86 
Moderators for reactors, 8-227 
Modern symbols for heavy radionuclides 

(T),8-41 
Modulus of elasticity, volume, 2-10 
Mohorovicic discontinuity, 2*106, 2-108 
Molal heat content of solutes (T), 5-280 
Molar heat capacity, 4-63 
atC (T>,*4-44 
of elements above room temperature (T) , 

4-42 to 4-43 
of elements at low temperature (T), 4-40 
to 4-41 
Molar volume constant (T) , 7-3 
Mole fraction of defects, 5-189 



Molecular refractidn, definition of, 6*6 ';-•/' 
Molebular refractivity, definition of ,6-7 
Molecular rotatory power, definition of, 6*7 
Molecular susceptibilities of paramagnetic 

materials (T), 5*241 to 5-243 ; 
Molecules, constants ofy diatomic (T)j 7-136 
to 7*141 ■ . 

polyatomic, 7*145 to 7-161 
energy levels of diatomic (f's); 7-142 to 
7-144 ^ 

Moment, of forced definition of * 2-6 to 2-7 
of inertia, 2*8 ; 

and acoustic analogy, 3-135 

for various bodies (T) , 2-38 to 2-39 
of momentum, definition of, 2-6, 2^-7 

of fluid elements, 3-41 
Momentum, conservation of, 2-5 * ■ 2*7 

definition of* 2-4 
Momentum equations for gas flow, 2*214, ">■". 

2-220 
Moiiatomic gases and shock waves (T) , • 

2-235 ..m:- : .. .-. 

Monatomic ions, standard entropy of (T) , 

5-281 .-.■•/: 

Monaural listening, minimum audible pres^ 

sure (T), 3-125 
Monoclinic crystal system (f) (T), 2-45 to 

■■ 2-47 r .: ,. . 

Moon* approximate brightness of (T), 6*78 
" miscellaneous constants for (TX 2-91 
physical data for (T), 2-91 / !;.. 
Moon-camera method of earth measure- 
ment, 2-96, 2-97 ; ; ; : 
Moon photography, 2-97 
Morse potential and wave mechanics, 7-163 
Motor-circuit protection, 5-256 to:5£-257 
Motor controllers, 5-256 > ; ; • / 
Motor generator ,^5*260 
Motor protection, 6-256 to 5-257 
Motors (see Electric motors) 
Moving axes, 2-9 
MTR reactors, 8*227 

Multilayer interference filters, 6-46 to 6-47 
Multiplet intensities, 7-26 -..'■. 

Multiplet spectrum, definition of, 7-16 
Multiplets, / values for (T) , 7-19 to 7-20 
Multiplicities for varying valence electrons 

(T), 7-18 
Multipole, potential of, 5-21 
Multipole formulas, 5-21 
Music, definition of , 3-14 
Musical interval, definition of. 3-107 
equally tempered (T), 3-14 
for various frequency ratios (T), 3-106* 
3-107 
Musical scales, 3-106 to 3-107 

equal-tempered frequencies (T) , 3-105 i 
Mutual inductance for various static fields, 

5-28 to 5-31 
Mutual inductance standards, 5-110 to 

5-112 

N 

iV-terminal-pair networks, 5-81 to 5*82 
Narrow-band interference filters, 6^45 to 
6-50 
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Narrow-band radiation, 6^-64 

National Board of Fire Underwriters, 5-245 

National Bureau of Standards glass index of 

refraction (T) , 6-32 
National Electrical Code, 8-245 
National Fire Protection Association, 5-245 
Natural electrical currents, 5-289 
Natural frequency, definition of, 3-10 
Natural light sources, approximate bright- 
ness of (T), 6-78 
Navier-Stokes equations, 3-29 
Neel point, of antiferromagnefiic materials 
(T), 5-227 to 5-228 
of various substances (T) , 5*226 
NEM A standards, 5-245 to 5-246 
Neon, electron energy losses in (f), 5-181 
energy levels of (f) (T), 8-80 to 8-86 
virial coefficients for (T); 4-120 
Neon I t photoelectric traces of (f), 7-54 to 
7-58 
principal spectral lines of <T) ; 7-45 to 7-53 
Neon-argon mixtures, ionization per volt in 

(f), 5-170 
Neper, definition of, 3-5 
Nernst coefficient, 5-99 
Nernst effect, 5-4, 5-99 
Network theorems, 5-81 
Networks and circuit theory, 5-80 to 5-85 
Neutral atoms, persistent spectral lines of 

(T), 7-39 to 7-41 
Neutral hyperons, 8-246 
Neutrino, 8-3 
Neutron binding energies (T) , 8-135 to 8-143 

definition of, 8-130 
Neutron capture and gamma rays (T), 8-94 

to 8-96 
Neutron cross sections, total, for various ele- 
ments (f's), 8-131 to 8-134 
types of, 8-130, 8-143 to 8-144, 8-169 
Neutron diffraction in antif errbmagnetic 

materials (T), 5-227 to 5-228 
Neutron fission and fission product chains 

(T), 8-202 to 8-211 
Neutron flux in reactors, 8-227 
Neutron-induced fission, 8-212 
Neutron levels (T), 8-19 
Neutron numbers of stable nuclei (T), 8-6 to 

8-17 
Neutron optics, 8-144 
Neutrons, 8-129 to 8-171 
atomic mass of, 8-4 
attenuation of, in concrete and water (f), 

8-169 
Compton wavelength of, 8-4 
fast-neutron fission yields from U235 (T), 

8-218 
maximum permissible exposure to (T's), 

8-254,8-255 
permissible flux for normal beam of (T), 

8-256 
properties of, 8-129 
rest mass of, 8-4 
symbols for, 8-3 
velocity of thermal, 8-4 
New candle, definition of, 6-3, 6-9 
Newton, definition of, 2-15, 5-2 



Newtonian mechanics, 2-2 

of particles, 2-3 to 2-6 
Newton's laws, of fluid friction (f), 2-201 
of motion, 2-4 to 2-5 
application of, 2-7 
Nickel, elastic and strength constants for. 
2-75 td 2-76 ■ ' ; 

Nickel alloys, density of (T), 2-30 

elastic and strength constants for (T), 

2-75 to 2-76 
Hall constants of (T), 5-237 to 5-239 
saturation magnetization and Curie 
points of (T), 5-210 
Nitric acid, isothermal compressibility (T), 

2-162 
Nitric oxide, efficiency of electron attach- 
ment in (f), 5-172 
Nitrogen, compressibility factor for (T), 
4-103 
energy levels of (f) (T), 8-69 to 8-74, 8-76 

to 8-79 
enthalpy of (T), 4-106 
entropy of (T), 4-107 
relative density of (T), 4-104 
in sea water, 2-120 
specific heat of (T), 4-105 
thermodynamic conversion factors for 

(T), 4-81 
virial coefficients for (T), 4-125, 4-126 
Nitrogen I, energy-level diagram of (f), 7-29 
Nitrogen-vapor mixtures, relative dielectric 

strengths of (T), 5-148 to 5-149 
Nitrous oxide, efficiency of electron attach- 
ment in (f) r 5-175, 5-176 
Noctilucent clouds (f ) , 2-130 
Nodal points, definition of, 6-6 
Node, in circuit theory, 5-80 

definition of , 3-5 
Noise, definition of, 3-5 

differential threshold for intensity (T), 

3-126 
in thermal radiation detectors (T), 6-114 
Noise control, definition of, 3-17 
Noise equivalent power of detector, defini- 
tion of, 6-119 
Noise^insulation factor, 3-120 
Noise level, in rooms, 3-119 to 3-122 
recommended for rooms (T), 3-122 
Noise-reduction coefficient, 3-114 
Noise spectrum, 3-55 
Nonaqueous solutions, diffusion coefficients 

for (T), 2-195 
Noncubic crystals, thermal conductivity of 

(T), 4-73 
Nondegenerate states in wave mechanics, 

7-166 
Nonelectrolytes, diffusion coefficients of 

(T), 2-192 
Noninertial dynamics, 2-5 
Nonmetallic conductors, properties of, 5-166 

to 5-197 
Nonmetals, Debye temperatures for (T), 

4-47 
Nonpropagating fields, 5-58 
Nonrelativistic conversion formulas for 
neutron, 8-129 
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Nonstationary cavities, 2-188 to 2-189 
Normal cathode fall for various metals 

(T's), 5-184 
Normal density of gases, standard condi- 
tions for, 2-197 
Normal hysteresis, definition of, 5-214 
Normal incidence of shock waves* 2-233, 

2-234 
Normal mode of vibration, definition of, 

3-10 
Normal spectral emissivities of various 

substances (T), 6-72 
Normal state of diatomic molecules (T), 

7-136 to 7-141 
Normal threshold of audibility, definition 

of, 3-14 
Nuclear constants, definitions and sym- 
bols, 8-3 to 8-4 
Nuclear cross section, definition of, 8-3 
Nuclear definitions, 8-2 
Nuclear level order (T), 8-19 
Nuclear magneton (T), 7-3, 8-4 
Nuclear particles, list of (T), 8-3 
Nuclear photodisintegration, 8-90 to 8-91 
Nuclear physics, general constants for, 8-3 

to 8-4 
Nuclear reaction, definitions and sym- 
bolism of, 8-2 to 8-3 
Nuclear reactors, catalog of (T), 8-228 to 
8-239 
classification of (T) , 8-227 
components of, 8-227 
foreign programs for, 8-240 
Nuclear resonance scattering of photons, 

8-91 
Nuclear spin, definition of, 8-5 
Nuclear stability rules, 8-21 to 8-22 
Nuclei, energy levels of light (f's) (T), 
8-56, 8-58 to 8-86 
properties of stable (T) , 8-6 to 8-17 
resonance parameters of (T's), 8-145 to 

8-153 
shell structures of stable, 8-5 
Nucleon, definition of, 8-2 
Nuclides, decay types (T), 8-98 to 8-128 
definition of, 8-2 
fission-product chains for (T), 8-202 to 

8-211 
gamma energies of (T), 8-98 to 8-128 
half lives of (T's), 8-98 to 8-128, 8-202 

to 8-211 
list of special (T), 8-3 
particle energies of (T), 8-98 to 8-128 
thermal-neutron fission yields (T), 8-212 
to 8-215 
Nusselt number, 2-228 



Oblate spheroid, magnetic induction of 

coil about, 5-27 
Oblique incidence of shock waves, 2-234, 

2-235 
Obliquity of the ecliptic (T), 2-91 
Ocarina, 3-103 



Oeean tides, constituents of (T), 2-123, 

2-124 
Ocean waves, types of, 2-122 to 2-123 
Oceanic platform, 2-115 
Oceanographic data, 2-115 to 2-123 
Occultation method of earth measure- 
ment, 2-96, 2-97 
Octave, definition of, 3-15 
Odd multiplicities, g values in L-S cou- 
pling (T), 7-172 to 7-173 
Odd-nucleon alpha emitters, 8-47, 8-53 to 
8-54, 8-56 
decay schemes of (f), 8-54 
Ohm, absolute, definition of, 5-105 
acoustic, 3-8 
definition of, 5-7, 5-107 
international vs absolute (T), 5-106 
Ohm's law, 5-3 

Oils, specific gravity (T), 2-150 
specification for aircraft (T), 2-168 
viscosities of, Bureau of Standards (T), 
2-167 
industrial, 2-168 
Olivine-gabbro, 2-108 
One-center problem and wave mechanics, 

7-164 
One-dimensional gas flow, 2-216 to 2-217 
One-dimensional rotation and wave 

mechanics, 7-163 
One-terminal-pair networks (f's) , 5-82 to 

5-83 
Open-circuit voltage for ceramics (T), 3-95 
Open-shell nuclear model, 8-18 
Open-stub impedance matching, 5-51 
Optical constants, of evaporated mirror 
coatings (T), 6-104 
of metals (T's), 6-102 to 6-110 
Optical definitions, 6-2 to 6-8 
Optical densities converted to per cent 

transmission (T), 6-39 
Optical energy gap, definition of, 5-157 
Optical glass, index of refraction of, vs 

dispersion (f), 6-33 
Optical materials, absorption and trans- 
mission of (T's), 6-38 to 6-39 
index of refraction of (T), 6-23 to 6-30 
properties of, 6-39 to 6-40 
thermal conductivity of (T) , 4-76 
Optical plastics, index of refraction of (T), 
6-19 
reciprocal dispersive power of (T), 6-19 
Optical pyrometers, 6-64 
Optical pyrometry , 6-64 
Optical standards, 6-8 to 6-9 
Optics, definitions, standards, and units of, 

6-2 to 6-10 
Optimum reverberation time, definition of, 
3-118 
for different rooms (f ) , 3-1 18 
vs frequency (f), 3-119 
Ordinates, selected, for standard sources 

(illumination) (T), 6-59 
Organ pipes, 3-102 to 3-103 
Organic aqueous solutions, surface tension 
of (T), 2-175 
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Organic Compounds, critical temperatures, 
pressures, and densities of (T); 4-22 
to 4-23 
diffusion coefficients of (T), 2-193 
Organic gases, densities of (T)^ 2-200 
Organic liquids, adiabatie compressibilities 
of (T), 2-163, 2-164 ' 

densities of (T) , 2-147 
dielectric constants of (T), 5-134 to 5-142 
isothermal compressibilities of (T), 

2-163,2-164 
sound absorption constants of (T), 3-73 
velocity of sound in, (T), 3-71 to 3-73 
Verdet constants for (T) , 6-94 
viscosity of, 2-169 
Organic materials, thermal conductivity 

of (T), 4r71 

Organic solids, dielectric constants of (T)> 

5-118 
Organic substances, fluorescence of (T), 

,r\ 6-U1 
Orthorhombic crystal systems (f) (T), 

2-45 to 2-47 
Overtone, definition of, 3-15 
Oxides, spectral emissivity of (T), 6-74 
Oxygen, compressibility factor for (T), 
4-108 
electron attachment coefficients for (f) , 

5-172 
energy levels of (f) (T), 8-72, 8-73, 8-75 

to 8-83 
enthalpy of (T), 4-111 
entropy of (T), 4-112 
relative density of (T), 4-109 
in sea water, 2-120 
specific heat of (T) , 4-1 1 
temperature variation of, recombination 

coefficient (f), 5-178 
thermodynamic conversion factors for 

(T), 4-81 
virial coefficients for (T), 4-126 
Oxygen I, energy-level diagram of (f) , 7-30 



Pain due to sound, 3-14 

Pair production and gamma rays (f), 8-89 

to 8-90 
Palladium alloys, elastic and strength con- 
stants for (T), 2-62 to 2-63 
Parallel-bar transmission lines, constants 

for (T), 5-48 to 5-49 
Parallel connections, definition of, 5-4 
Parallel tubes, self -inductance of, 5-29 
Parallel-wire transmission lines, constants 

for (T), 5-48 to 5-49 
Parallel wires, self-inductance of, 5-29 
Paramagnetic bodies, definition of, 5-4 
Paramagnetic materials, Bohr magneton 
numbers of (T), 5-241 to 5-243 
Curie points of (T), 5-241 to 5*243 
molecular susceptibilities of (T), 5-241 
to 5-243 
Paramagnetic resonance, 4-16, 7-171 
Paramagnetid salts, properties of (T) , 4-14 
to 4-20 



Paramagnetic salts, and spin resonance, 

5-103 
Paramagnetism, 5-100 
Parity, in atomic energy levels, 7i- 18 

of stable nuclei (T), 8-6 to 8-17 ■■■;■■ 
Parity rule of electron transitions, 7-21 
Partial, definition of, 3-15 
Partial cross section of neutrons, definition 

of, 8-130 
Partial molal heat content of solutes (T), 

5-281 
Particle accelerators, types of, 8-172 to 

8-181 
world-wide list of (T's), 8-181 to 8-201 
Particle density in upper atmosphere (T), 

5-284 
Particle energy of nuclides (T), 8-98 to 

8-128 
Particles, passage of, through matter, 8-23 

to 8-39 
range-energy relations for, 8-^3 
Pascal's law, 2-12 
Paschen-Back effect, 7-169 
Paschen curves for various gases (f), 5^179 
Paschen notation for spectral lines, 7-58 
Pauli exclusion principle, 7-20 
Peak speech power, definition of, 3-13 
Peltier coefficient, 5-98 
Pentane candle, definition of, 6-10 
Per cent conductivity, definition of, 5^197 
Per cent transmission converted to optical 

density (T), 6-39 
Period, of seismic waves, $-102 to 2-103 

of vibration of strings, 3-102 
Periodic system of the elements (T) , 7-8 
Permanent magnets, definition of, 5-5, 

5-35 to 5-36 
demagnetization curves of (f), 5-218 
materials for, $-214, 5-218 
properties of,, 5-214, 5-218, 
properties of materials for (T) ? 5-214, 
5-219 
Permanent-split-capacitor motors, 5-249 
Permanent strain, 2-86 
Permeability, definition of, 2-179, 5-2 
of high-permeability materials (T), 5-216 
relative, of metals and alloys (T), 5-90 
of various materials (T), 2-180 
Permeability tensor, 5-64 
Permeable bodies, energy in magnetic 

fields, 5-33 to 5-34 
Permissible body burdens of ionizing ra- 
diation, 8-252 
Persistent spectral lines of elements (T) , 

7-39 to 7-41 V 

Perturbation method in wave mechanics, 

7-165 to 7-166 
Perturbations of state, 3-32 
Phase constant, acoustic, 3-9 
Phase diagrams, of various substances 

(fs), 4-35 to 4-38 
of water (f ) , 4-35 
Phase stability principle and electron syn- 
chrotron, 8-176 
Phase transition data for elements and 

compounds (T), 4-130 to 4-159 
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Phase velocity of waves, 5-51, 5-58 

Phon, definition of, 3-13 

Phonon, 3-55 

Phosphors, characteristics of various 

cathode-ray-tube (T) , 6-113 
Phot, definition of, 6-4, 6-10 
Photoconductivity, definition of, 5-5 
Photbconductor cell as radiation detector 

(T), 6-114 l 
Photodisintegration, in Al, Ag, and Br, 
8-91 
nuclear, 8-90 to 8-91 
Photoelectric cell as radiation detector 

(T), 6-114 
Photoelectric effect, 5^5, 8-87 to 8-88 
Photoelectric traces of spectrum micro- 
wave discharges, 7-54 to 7-122 
for Argon 1(f), 7-63 to 7-66 
for Iron I (f), 7-103 to 7-118 
for Krypton I (f), 7-71 to 7-74 
for Mercury I (f), 7-119 to 7-122 
for Neon I (f), 7-54 to 7-58 
for Xenon I (f), 7-80 to 7-87 
Photofission yields (T), 8-222 to 8-224 
Photographic color index of stellar spec- 
tral classes (T), 6-80 
Photographic density, definition of, 6-6 
Photographic magnitude of stars, 6-80 
Photometric quantities, 6-9 
Photometric standards, 6-9, 6-52 
Photometric units, 6-9 to 6-10 
Photon scattering, 8-89, 8-91 to &-92 * 
Photons, elastic scattering of (f ) , 8-92 
Php topic luminosity, 6-50, 6-52 
Photopic luminosity data (T), 6-51 
wavelengths for selected ordinates (T), 
6-53 
Photoreceivers and brightness of stars (T), 

6-87 
Photosurface (S4) color index of stellar 

spectral classes (T), 6-80 
Phototubes, spectral sensitivities of (f 's) , 

6-116 to 6-1 17 
Photovoltaic cell as radiation detector (T), 

6-114 
Physical constants in meteorology, 2-125 
Piezoelectric constant, of piezoelectric 
crystals (T), 3-93 
of transducer materials (f), 3-97 
Piezoelectric crystals, equivalent circuit 
of (f), 3*90, 3-92 
properties of (T), 3-89 to 3-93 
and transducers, 3-89 to 3-92 
Piezoelectric effect^ definition of , 5-5 
Piezoelectric strain constants (T), 5-150 
to 5-151 
temperature coefficients for (T), 5-153 
temperature dependence Of (T), 5-152 
Pigments, dry, infrared reflecting factors of 

(T), 6-41 
Piles (see Nuclear reactors) 
Pinna, dimensions of (T), 3-123 
Pions, 8-242 
Pipe gas flow, 2-222 

and heat transfer, 2-229 to 2-230 



Piston, acoustic radiation resistance of 
(T), 3-110 
directional radiation from, 3-111 
Piston sound source, beam angle of radia- 
tion for (f), 3-111, 3-112 
directivity index of (f), 3-112 
Pitch, definition of, 3-13 
arid frequency (T), 3-129 
and hearing, 3-129 
standard, definition of, 3-15 
Planck function, 6-64 
Planck's constant (T), 7-3 
Planck's radiation formula, 6-6 
Plane jet, laminar flow in, 2-197 
Plane sheet, skin-effect formulas for, 5-94 tb 

5-95 
Plane solid, skin-effect formulas for, 5^85, 

5-90 
Plane wave, definition of, 3-5 
Plane wave functions, 5-45 
Planetary orbits (T), 2-90 
Planets, physical and orbital data for (T), 

2-90,2-91 
Plasma conductivity, 7-204 
Plasma oscillations, 5-74 to 5-75 
Mastic strain, 2-86, 2-87 
Plasticizers, viscosity (T), 2-169 
Plastics, density of (T) , 2-34 to 2-35, 3-77 to 
3-78 
dielectric properties of (T), 5-124 to 

5-130 
elastic constants of (T), 3-80 
impedances of (T), 3-86 
index of refraction of (T), 6-19 to 6-20 
wave velocities of (T) , 3-80 
Platinum, emf of platinum-platinum-rho- 
dium thermocouples (T), 4-10 
various thermal emf's relative to (T's), 
4-6 to 4-9 
Platinum alloys, elastic and strength con- 
stants for (T), 2-62 to 2-63 
Plutonium production reactors, 8-227 
Plutonium-239, fast-neutron fission yields of 

(T), 8-217 
Pneumatic radiation detector, character- 
istics of (T), 6-114, 6-118 
Pockels effect, 6-94 to 6-97 

for various crystals (T), 6-97 
Point charge, potential of, 5-2 1 
Point orifice, jet streamlines for (f) , 2-196 
Poise, definition of, 2-207, 2-165 
Poisson's ratio, definition of, 2-10 
for glasses (T), 3-80 
for plastics (T), 3-80 
and ratio of longitudinal to transverse 

waves (T), 2-102 
of various metals and alloys (T) , 2-62 to 
2-77, 3-80 
Polar magnetic field strength of 35 stars (T), 

5-296 
Polarization of gamma rays, 8-93 
Polarization interference filters, 6-48 
Polarization rules for electric-dipole transi- 
tion (T), 7-168 
Polarization vectors, 5-39 to 5-40 
Polarized light, definition of, 6-6 
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Polarizers, sheet, properties of, 6-44 

spectral transmittance of (T), 6-44 
Polarizing filters, 6-44 
Polished surfaces, reflection coefficients for 

incandescent light on (T), 6-43 
Polyatomic ions, standard entropy of (T) , 

5-282 
Polyatomic molecules, constants of, 7-145 to 

7-161 
Poly crystalline elements, coefficients of 

linear thermal expansion of (T), 4-51 to 
4-53 
Polycrystalline materials, saturation mag- 
netostriction of (T), 5-223, 5-224 
Polycrystalline solids, elastic and strength 

constants of (T), 2-61 to 2-80 
Polycyclohexyl methacrylate, index of 

refraction of (T), 6-20 
Polymethyl methacrylate, index of refrac- 
tion of (T), 6-20 
Polyphase motors, a-c induction, 5-247 
induction, control and protection of, 5r254 

to 5-255 
synchronous, 5-256 
Polyphase transformers, 5-260 
Polystyrene, index of refraction of (T) , 6-20 
Porosity, definition of, 2-179 
symbols for, 2-179 
of various materials (T), 2-180 
Porous media, fluid flow properties, 2-179 to 

2-180 
Positive-ion accelerators, 8-173 to 8^174 
Positron, symbols for, 8-3 
Potassium bromide, absorption coefficients 
of (T), 6-37 
index of refraction of (T), 6-27 to 6-29 
Potassium chloride, differential diffusion 

coefficients of (T), 5-272 
Potential (electric) , definition of, 5-3 
Potential curves, 7-142 to 7-145 
of C 2 , 7-142 
of CN, 7-143 
of CO, 7-143 
of N 2 , 7-144 
of NO, 7-144 
of 2 , 7-145 
Potential energy, definition of , 2-6 

of diatomic molecules, 7-136 
Potential function, Lennard-Jones, defini- 
tion and constants for various gases 
(T), 4-129 
Poundal, definition of, 2-15 
Power, available from piezoelectric crystal, 
3-91 
definition of, 3-5, 3-7 
electric, 3-3 
sound, 3-7 
Power band, definition of, 3-5 
Power-conversion efficiency of piezoelectric 

crystal, 3-91 
Power levels, acoustic, 3-5, 3-7 
Power-line capacity and motor selection, 

5-252 
Power reactors, 8-227 
Power spectrum of thermal noise, 3-55 
Power spectrum level, 3-5 



Power supply and electric motor selection, 

5-250 
Poynting vector, 5-42, 5-68 
Poyn ting's theorem in differential and inte- 
gral forms, 5-43 
Practical range of electrons in matter, defi- 
nition of, 8-38 
Prandtl-Glauert rule in gas flow, 2-219 
Prandtl numbers, for air (T), 2-222 
and gas flow, 2-221 
for hydrogen (T), 2-223 
for sea water (T), 2-122 
and sound absorption, 3-45 
Precedence effect in hearing, 3-129 
Precession, of earth, 2-97 
of equinoxes (T), 2-91 
Precipitation electricity, 5-287 to 5-289 
Precipitation particles, electric charge on 

(T), 5-287 
Pressure, atmospheric, 3-57 

critical, of elements and compounds (T), 

4-21 to 4-23 
definition of, 3-3, 3-4 
in earth, 2-108 

effect of, on Curie point for various sub- 
stances (T), 5-220 
on electrical conductivity (T), 5-190, 
5-195 
effective (acoustical), 3-3 
excess (acoustic), 3-4 
instantaneous, 3-4 
sound, 3-3, 3-4 
static, 3-57 
Pressure coefficient in liquids, 2-151 
Pressure-density relation for adiabatic gas, 

3-35 
Pressure effect and thermal conductivity of 

liquids (T), 4-75 
Pressure level, definition of, 3-7 
Pressure spectrum level, definition of, 3-5 
Pressure- volume-temperature relationships 

of gases, 4-118 to 4-129 
Pressure-volume-temperature tables for 

liquids (T's), 2-152 to 2-161 
Pressures, critical, for inorganic and organic 
substances (T), 4-21 to 4-23 
in viscous fluids, 3-28 
Primary wavelength standard, definition of, 

6-9, 7-43 
Principal alpha groups, 8-46 to 8-47 
Principal axes, 2-8 
Principal focus, definition of, 6-6 
Principal waves, 5-47 
Principles (see Laws and principles) 
Probability of ion formation for several sub- 
stances (f's), 7-184 to 7-185 
Probe-tube microphone, 3-125 
Prolate spheroid, magnetic induction of coil 

about, 5-27 
Propagation of sound through gases, 3-61 to 

3-62 
Propagation constant in sound, 3-9, 3-46 
Protection of electric motors, 5-254 to 

5-257 
Proton acceleration, 8-172 to 8-179 
in cyclotrons, 8-173 to 8-175 



Proton acceleration, in electrostatic acceler- 
ators, 8-172 to 8-173 
in linear accelerators, 8-179 
in synchrocyclotrons \ 8-174 to 8*175 
in synchrotrons, 8-477 to 8-178 
Proton energy loss, 8-26 to 8-35 
in air -(f). 8-26 

in aluminum (f) (T), 8-28, 8-35 
in beryllium (T), 8-35 
in copper (T's), 8-24 to 8-25, 8-35 
in gold (T), 8-35 
in lead (T), 8-33 to 8-34 
in mica (T), 8-35 
in silver (T), 8-30 to 8-34 
Proton levels (T), 8-19 
Proton ranges, 8-24 to 8-34 
in air (f), 8-27 
int aluminum (f), 8-29, 8-31 
in copper2(T), 8-24 to 8-25 
in Ilf ord C-2 emulsion (f) , 8-32 
in lead (T) , 8-33 to 8-34 
in silver (T), 8-30 to 8^31 
Proton straggling in various metals (T) , 

8-36 
Proton synchrotron, description of, 8-177 to 
8-188 
world-Wide list of (T), 8-198 to 8-199 
Protons, Compton wavelength of, 8-4 
magnetic moment of, 8-4 
maximum permissible exposure to (T's), 

8-254, 8-255 
range-energy relation in Ilf ord C-2 emul- 
sion (f), 8-32 
range straggling in copper (fs), 8-37 
rest mass of, 8-4 
and spin resonance, 5-103 
symbols for, 8-3 

various constants concerning (T), 7-3 
Proximity effect, definition of, 5-5 
Pseudo-adiabatic lapse ratio (T), 2-127 
Pulsating sphere, acoustic impedance of, 
3-108 to 3-109 
specific acoustic resistance (f), 3-109 
Pulsed fields, penetration into conductor (f), 

5-94 
Pure tone, 3-15 
Pycnometer, 2-136 
Pyrite, extinction coefficients (T), 6-38 

index of refraction of (T), 6-26 to 6-27 
Pyroelectric constants, temperature varia- 
tion of (T), 5-154 
of various substances (T), 5-153 
Pyroelectric effect, definition of, 5-5 
Pyrometers, 6-64 
Pyrometry, optical, 6-64 

Q 

Quadripole moment of nuclei, definition of, 
8-5 

Quantum energy conversion factors, 8-4 

Quantum numbers, definition of, 7-16 to 
7-18 
limits of, 7-18 

Quantum radiation detectors, character- 
istics of (f) (T), 6-114, 6-115 
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Quartz, absorption coefficients of (T)v 6^37 
index of refraction of, crystalline (T>, 6-23 
..to 6-25 
at various temperatures (T), 6-34 
optical properties of, 6-40 
thermal conductivity of fused (T), 4-74 
Young's modulus for (T) , 2-103 
Quartz glass, index of refraction of (T), 6-31 
Quaternary fission, 8-212 

R 

Rad, definition of , 8-250 

Radial mode in transducer materials, 3^98 

Radial wave functions and wave mechanics, 

7-165 
Radian, definition of, 2-14 
Radiation, black-body, functions for (T) 
6-64, 6-65 
total (T) , 6-66 to 6-67 
maximum permissible exposure to ioniz- 
ing (T's) , 8-254 to 8-256 
in meterology, 2-132 to 2-134 
narrow-band, 6-64 

reflection coefficients for visible mono- 
chromatic (T) , 6-42 •;■■■'; 
of sound, 3-108 to 3-112 - 

directional, 3-110 to 3-112 
stellar, 6-80 
Radiation coefficient, 3-50 
Radiation constants (T), 7-3 
Radiation detection, 6-114 to 6-119 
Radiation detectors, characteristics of 
6-114 to 6-119 
quantum (f) (T), 6-114, 6-115 
Radiation exposure, maximum permissible, 
to ionizing radiation (T's), 8-254 to' 
8-256 
Radiation field of current distribution, 5-6^ 
Radiation formula, Planck's, 6-6 
Radiation impedance characteristics, 3-110 
Radiation intensity, definition of, 6-6 
Radiation length for Various substances (T). 

8-39 
Radiation pressure in sound, 3-43 
Radiation resistance, acoustic, of sphere and 

piston (T), 3-110 
Radiation vector, 5-74 
Radiative attachment of electrons, 7-182 
Radiative recombination coefficients (T) 

5-171 
Radio astronomy, 6-120 to 6-123 
measurements in, 6-120 to 6-121 
spectra in (f), 6-121 
Radio-frequency cables, 5-52 

standard, attenuation of (f), 5-57 
list of (T), 5-53 to 5-56 
Radio luminosity in radio astronomy, defi- 
nition of, 6-121 
Radio magnitude in radio astronomy, defi- 
nition of, 6-121 
Radio noise, galactic, 6-122 
Radioactive decay of neutrons, 8-129 
Radioactive isotopes, data on (T), 8-96 to 
8-128 
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Radioactive materials, shipping regulations 

^foF, 8-257 
Radioactive nuclides, decay-energy cycles 
for the An through 4n -f 3 series (f's), 
8-42 to 8-45 
Radioisotope data <T), 8-98 to 8-128 
Radioisotopes, concentration in air and 

; .water (T)* 8-253^8-256 
Radiometry, 6-64 to 8-^82 
Radionuclides, classical and modern desig- 
nation of (T), 8-41 
Radius, of curvature from spherometer 
readings, definition of, 6-7 
of -gyration^2-9 
Range, of fission fragments, 1h36 
of protons, 8-27 to 8-31 
in air (f), 8-2^7 f: 
in aluminum t(f ) , 8-29, jMl 
in copper (T), 8-24 to £-25 
in Ilf ord C-2 emulsion (f) , 8-32 
in le»4 (T), 8 T 33 to 8-34 
in silver (T), $-30 to 8-31 
Range-energy relations, 8*23 to 8-39 
for alpha particles in Ilf ord C-2 emul- 
sion f(f), 8-32 
for deuterons in Ilf ord C-2 emulsion (f), 

$-32 
for electron^ in aluminum (f) , 8-39 
for heavy charged particles, 8-23 
for protons, in air (f) , 8-27 
in aluminum (f), 8-29, 8-31 
in Iifor<| C-2 emulsion (f), 8-32 
for tritons in Ilf ord C-2 emulsion (f), 
8-3^ 
Range straggling, of alpha particles in 
. copper (f's), 8-37 
of deuterons in copper (f's) , 8-37 
of protons in copper (f's), 8-37 
B-ankine-Hugoniot relation (f), 2-232, 2-234 
Rankine temperature,, conversion equations 
.., for (X), 4-2 
Rare alpha groups, 8-47 
Rare gases, first Townsend ionization coef- 
ficients in (f), 6-169 
Rate of deformation tensor, 3-28 
Ratio of proton to electron mass, 8-4 
Ea'yl, defihition of, 3-10 
Rayleigh scattering of photons, 8-91 
Rayleigji's laws in low magnetic fields, 

$-214 
Reaction Cross sections of elements (T's), 

8-154 to 8-168, 8-170 to 8-171 
Reactors (see Nuclear reactors) 
Reciprocal dispersive power and optical 

plastics (T), 6-19 
Reciprocity principle, 3-10 
Reciprocity theorem, 3-11 

and absorption cross section, 5-71 to 

5-72 
for network theory, 5-81 
Recombination coefficient, in air (f), 5-177, 
5-178 
temperature variation in oxygen (f), 
5-178 
Recommended noise level for different 
rooms (T), 3-122 



Rectangular conductors, resistance of (f ) , 

5-92 
Rectangular coordinates, 2-3 

base vectors for (f), 2-2, 2-3 
Rectangular prism, capacitance per unit 

length, 5-16 
Rectangular resonators, 5-65 to 5-66 

electric and magnetic fields in (f ) , 5-65 
Rectangular waveguides, 5-59 to 5-62 
coordinate system for (f), 5-59 
wave types for (T), 5-61 
Rectifier circuits (T), 5-264 to 5-265 
Rectifiers, 5-5, 5-263 to 5-266 
Rectilineal compliance and acoustic anal- 
ogy, 3-135 
Reduced mass of diatomic molecules (T). 

7-136 to 7-141 
Reduction in area, metals and alloys (T), 
2-62 to 2-63, 2-66 to 2-72, 2-75 to 2-76 
in tensile testing, definition of , 2-69 
Reference ellipsoid in geodesy, 2-92 
Reference gases, dielectric constants of 

(T), 5-147 
Reference intensity, 3-6 
Reference power, 3-7 
Reference sound pressure, 3-7 
References, in acoustics, 3-178 to 3-179 

in mathematics, 1-2 to 1-5 
Reflectance, by films of various metals 
(T), 6-108 
luminous, definition of, 6-52 
maximum luminous (T) , 6-63 
Reflecting factors, infrared, of dry pig- 
ments (T), 6-41 
Reflection, 6-41 to 6-43 

of earthquake waves, 2-104 to 2-106 
of light, by transparent medium, 6-7 

by various metals (T), 6-109 to 6-110 
of longitudinal and shear waves, 3-78 
of shock waves, 2-233 to 2-235 
total, definition of, 6-8 
Reflection coefficients, definition of, 6-7 
for incandescent light on various sub- 
stances (T), 6-43 
for visible monochromatic radiation on 
various substances (T), 6-42 
Reflectivity, definition of, 6-7 
Reflectors, and beam formation, 5-73 
used in various nuclear reactors (T) , 
8-228 to 8-239 
Refraction, of earthquake waves, 2-104 to 
2-106 
index of (see Index of refraction) 
of ocean waves, 2-123 
of shock waves, 2-233 to 2-235 
of sound in water, 3-68 
at a spherical surface, 6-7 
Refractive index (see Index of refraction) 
Refractivity, definition of, 6-7 
Refutas chart, 2-165 
Regular reflection of shock waves, 2-234 
Relative biological effectiveness of ionizing 

radiation, 8-250 
Relative capacitivity of semiconductors 
(T), 5-132 
(See also Dielectric constants) 



Relative density, of air' (T) , 4*83 ' 
of argon (T), 4-88 * 
of carbon dioxide (T), 4-92 
of hydrogen (T), 4-96 
of nitrogen (T), 4-104 
of oxygen (T), 4-109 
Relative dielectric strengths, of gases (T), 
5-148 to 5-149 
of nitrogen-va£or mixtures (T), 5-148 
to 5*149 
Relative humidity vs. attenuation constant 
(f), $417 
and energy attenuation (f ) , 3-66 
Relative molal heat content of solutes 

(T), 5-281 
Relative photopic luminosity, definition 

of, 6-50 
Relative visibility, definition of, 6-9 
Relative volume, 2-137 
of elements (T), 4-29 
of gases vs. temperaturie (T's), 4-26 
of liquids vs. temperature (T's), 4-26 

4-27 
of solids (T's), 4-28, 4-29 
Relaxation, attenuation of sound due to, 

3-79 
Relaxation frequencies in sound, 3-51 
Relaxation processes and sound absorp- 
tion, 3-50 to 3-53 
Reluctance of magnetic circuit, definition 

of, 5-34 
Remanence of materials for permanent 

magnets (T), 5-219 
Repulsion motor, 5-250 
Repulsion-start motors, 5-249 
Research reactors {see Nuclear reactors) 
Residual induction, 5-214 
Resins, density (T) , fc-34 to 2-35 
Resistance, ac/dc, for solid round wire 
(f), 5-201 
acoustic, 3-9 

acoustic analogies to, 3-134 to 3-136 
of copper wire (T), 5-198 to 5-200 
high-frequency, of copper (f), 5-200 
of rectangular conductors (f), 5-92 
of thermal radiation detectors (T), 6-118 
Resistance standards, 5-107 
Resistivity, of earth, 5-290 to 5-291 
of earth materials (f), 5-290 
of elements and alloys at different tem- 
peratures (T), 4-13 
of high-permeability materials (T), 

5-216 
of metals and alloys (T's), 5-90, 5-204 
volume, of ceramics <T), 5-120 to 5-121 
of glasses (T), 5-122 to 5-123 
Resolving power, definition of, 6-7 
Resonance, viscothermal, 3-48 
Resonance cross sections, 8-143 to 8-144 
Resonance frequency, definition of, 3-10 
Resonance lines of atoms (T), 7-13 to 7-15 
Resonance parameters, of fissionable nuclei 
(T), 8-153 
of heavy nuclei (T), 8-147 to 8-152 
of light nudei (T), 8*145 to 8-146 
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Resonance potentials of atoms (T), 7-13 to 

7-15 
Resonant cavities at microwave frequen- 
cies, 5-65 to 5-68 
Resonators, frequency of conical (T), 3-103 
rectangular and circular, 5-65 to 5*67 
volume, 3-103 to 3-404 
Response, relative, definition of, 3-11 
Rest mass,. of electron, 8-4 
of neutron* 8-4 
of proton, 8-4 
Reverberant sound, definition of, $-17 
Reverberation, definition of, 3-115 

of sound in water r $-68 
Reverberation chamber, definition of, 3-17 
Reverberation time, definition of, 3-6, 3-117 
Optimum, for different rooms (f) , 3-118 
Vs. frequency (f), 3-119 
Reversible permeability of materials for 

permanent magnets (T), 5-219 
Reyn, definition of, 2-165 
Reynolds number, and cavitating flow 
data (T), 2-188 
definition of, 2-179 
vs. drag coefficient for cylinder and 

sphere (f), 2-226 
in flowing liquids, 2-183 
vs. friction factor for rough pipes (f). 

2-225 
and gas- flow, 2-221, 2-225, 2-226 
Rhes, definition of, 2-165 
Rhodium, emf of platinum vs platinum- 
rhodium thermocouples (T), 4-10 
Rhombic crystals, elastic constants and 

coefficients for (T), 2-58 
Richardson effect, definition of, 5-4 
Righi-Leduc coefficient, 5-98 
Righi-Leduc effect, 5-99 
Rigid bodies, dynamics of, 2-8 to 2rl0 
Rigidity, 2-10 

of earth layers, 2-108 
Rigidity modulus, of gels, 2-82 

of metals and alloys (T), 2-61, 2-64 to 
2-71, 2-74 to 2-76 
Ring sound source, beam angle of radiation 
for (f), 3-111, 3-112 
directional radiation from, 3-111 to 3-112 
directivity index for (f), 3-112 
Rocks, elastic constants of (T), 2-102 
electrical conduction of, 5-290 to 5-291 
resistivities of (f), 5-290 
wave velocities in (T), 2-102 
Rock materials, diffusivities of (T), 4-74 
Rockwell hardness number, definition of, 

2-69 
Rods, demagnetizing factors for <T), 5-244 
fundamental frequency of, $-102 to 3-103 
Roentgen, definition of, 8^250 
Roentgen equivalent man, definition of, 

8-250 
Roentgens per hour at 1 m from a 1-curie 

source (T), 8-257 
Rolling friction (f), 2-43 to 2-44 

coefiicient of, 2-43 
Room constant (acoustics), definition of, 
3-17 
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Rooms, acceptable noise level for, 3-122 
recommended noise level for (T), 3-122 

Rotary converter, 5-262 w 

Rotating machines, 5-260 

Rotational compliance and acoustie anal- 
ogy, 3-136 

Rotational constants oi polyatomic mole- 
cules (T), 7-146, 7-152 to 7-161 

Rotational motion, definition of, 2-8 

Rough pipes and turbulent gas flow, 2-224 

Round wire, self-inductance of, 5-28, 5-29 
skin-effect formulas for, 5^90 to 5-91 

Rubber insulation and current capacity of 
conductors (T), 5-202 to 5-203 

Rubbers, density of <T), 2-35 

dielectric frequency of (T), 5-124 to 5-130 
dielectric properties of (T), 5-124 to 5-? 130 

Russell-Saunders coupling, 7-17 to 7-18 
and Zeenian effect, 7-168 

Rutile, index of refraction of (T), 6-23 to 
6-25 
optical properties of, 6-40 

Rydberg constants (T) , 7-3 

S ■ < ■ 



S event in meson and hyperon decay, 8*241 
£ rule of electron transitions, 7-25 
Sabin, definition of, 3-17, 3-113 
Salinity of se£ water related to temperature 

(f) ' 2 - 118 ; m 

Salt solutions, index of refraction of (T), 

6-22 
Salts, ionic conductivity in, 5-185 to 5-196 
Sand, porosity and permeability of (T), 

2-180^ 
Sandstone, porosity and permeability of 

(T), 2-180 
Sapphire! index of refraction of (T), 6-23 to 

6-25 
optical properties of, 6-40 
Saturated air, virtual temperature of (T), 

2-127 
Saturation, of iron-cobalt-nickel alloys (f), 

5-207 ■/;■• 

Saturation hysteresis of high-permeability 

materials (T), 5-216 
Saturation induction, of high-permeability 
materials (T), 5-216 
of manganeseK50pper-aluminum alloys 
(f), 5-207 
Saturation magnetization, of binary com- 
pounds (T), 5-213 
of cobalt alloys (T), 5-210 
definition of, 5-206 
of ferrites (T), 5-211 
for ferromagnetic elements (T), 5-208 
of iron alloys (T), 5-209 
of niekel alloys (T), 5-210 
Saturation magnetostriction of crystals and 
poly crystalline materials, 5-222 to 
5-224 
Saybolt viscometer, calibrating oils for (T), 

2-167 
Scalar potential, 5-43 to 5-44 

in fluid motion, 3-40 



Scale, definition of, 3^15 

equally tempered, 3-14 : 
Scattering, and absorption of em waves, 
5-70 to 5-71 
attenuation of sound due to, 3-79 
Coulomb, of charged particles, 8-36 
of photons* 8-89 
of sound in water, 3-68 
Scattering cross sections, 5-71 

of elements (T's), 8-154 to 8-168, 8-170 to 

8-171 
of neutrons, definition of, 8-130 
Scattering factors for waves in metals (T) , 

3-83 
Schematic diagrams and acoustical analo- 
gies, 3-142 to 3-143 
Schlichting formulas, 2-196 
Schottky defects, 5-185 
Scotopic lumens, 6-53 
Scotopic luminosity, 6-52 to 6-53 
Scotopic luminosity data (T), 6-^51 

wavelengths for selected ordinates (T) , 
6-53 
Scotopic luminous reflectance,* 6-53 
Scotopic luminous transmittance, 6-53 
Sea level and earth's crust (T), 2-115 
Sea water, critical pressure for cavitation in 
(f), 2-184 
gravity waves in, 2-122 to 2-123 
properties of (T), 2-116 to 2-122, 3-69 
temperature-salinity diagram for (f), 
2-118 
Seasonal variation in ionosphere (f), 2-131 
Seats, absorption coefficients of (T), 3-116 
Second, definition of, 2-14 
Second-harmonic components of sound pres- 
sure, 3-38 
Second law of thermodynamics and viscous 

fluids, 3-29 
Second-order acoustic equations, 3-34 

in fluid motion, 3-40, 3-41 
Secondary electron emission, ratio to inci- 
dent primary for several substances 
(f's), 7-203 
for various substances (f's) , 7-192 to 7-198 
Secondary emission coefficient for electrons, 

7-192 
Secondary fixed temperature points (T) , 4-5 
Secondary Wavelength standards, definition 

of, 7-43 
Secular change in earth's magnetic field, 

5-293 
Seeback effect, 5-5, 5-98 
Seeback emf , 5-98 

Seismic waves (see Earthquake waves) 
Seismicity of earth, 2-110 to 2-112 
Seismological data, 2-101 to 2-114 
symbols used in, 2-101 to 2-102 
Selection rules, for electric-dipole transition 
(T), 7-168 
for electron transitions, 7-20 to 7-21, 7-25 
Selenium rectifier, 5-266 
Self-diffusion coefficients in gases (T), 2-213 
Self-inductance for various static fields, 5-28 

to 5-31 
Self -inductance standards, 5-110 to 5-112 
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Semiconductors, 5-5, 5-157 to 5-165 

coefficients of linear expansion of (T), 4-63 
conductivity (electrical) formulas for, 

5-96 
and Faraday rotation (T), 5-235 
relative capacitivity of (T), 5-132 
thermal conductivity of (T), 4-76 
Semidegenerate case in wave mechanics, 

7-167 
Semitone, definition of, 3-15 
Sensitivities, spectral, of various phototubes 

(f's), 6-116 to 6-117 
Sensitivity peak of fluorescent chemicals 

(T), 6-111 
Series connections, definition of, 5-5 
Series spectrum, definition of, 7-16 
Series universal motor, 5-250 

torques-speed curves for (f), 5-250 
Series-wound motors, 5-246 
Shaded-pole motors, 5-249 

torque-speed curve for (f), 5-249 
Shallow water waves, 2-123 
Shear, definition of, 2-10 
Shear modulus, 2rl 

of gels (T), 2-83 
Shear stiffness for ceramics (T), 3-95 
Shear strength, definition of, 2-69 

of metals and alloys (T), 2^64 to 2-78 
Shear waves, definition of, 3-6 
reflection of, 3-78 

scattering factors for, in metals (T), 3-83 
Shearing stress in liquids, 2-165 
Sheet, self-inductance of, 5-31 
Sheet cavities, 2-183, 2-187 
Sheet polarizers, properties of, 6-44 

spectral transmittance of (T), 6-44 
Shell structure of stable nuclei, 8-5, 8-18 to 

8-19 
Shells of nucleons, 8-5 
Shielded-pair transmission lines, constants 

for, 5-48 to 5-49 
Shielding of various nuclear reactors (T), 

8-228 to 8-239 
Shielding equations in health physics, 8-251 

to 8-253 
Shipping regulations for radioactive 

materials, 8-257 
Shock waves, 2-231 to 2-236 
formation, 3-38 

and ideal gases (T), 2-232 to 2-233, 2-235 
reflection and refraction of, 2-233 to 2-235 
in steady-state, one-dimensional flow, 

2-232 to 2-233 
symbols for, 2-231 
Shoran measurements, 2-96 
Shot noise in radiation detectors, 6-115 
Shunt-wound motors, 5-246 
Sidereal day (T), 2-2, 2-91 
Sidereal periods of planets (T), 2-90 
Sigma hyperons, 8-245 
Sigma pile, 8-227 

Silica, fused, absorption coefficients for (T) , 
6-37 
extinction coefficients for (T), 6-38 
index of refraction of (T), 6*26 to 6-27 
Silt, porosity and permeability of (T), 2-180 



Silver, energy loss and range of protons in 
(T), 8-30 to 8-31 
proton straggling in (T), 8-36 
Silver alloys, elastic and strength constants 

for (T), 2-62 to 2-63 
Silver chloride, index of refraction of (T), 

6-27 to 6-29 
Simple tone, definition of, 3-15 
Simple vibrators, frequencies of, 3-100 to 
3-107 
strings (T), 3-100 to 3-102 
Single body, capacitance of, 5-12 to 5-14 
Single-particle nuclear model, 8-18 
Single-phase a-c induction motor, 5-248 
Single-phase rectifier circuits (T), 5-264 to 

5-265 
Singly ionized atoms, persistent spectral 

lines of (T), 7-39 to 7-41 
Six-atom molecules, fundamental vibrations 
of (T), 7-151 
rotational constants and geometric 

parameters of, asymmetric-top (T), 
7-161 
linear (T), 7-160 
spherical-top (T), 7-160 
symmetric-top (T), 7-160 
Six-phase rectifier circuits (T), 5-265 
Skin, maximum permissible exposure to 

ionizing radiation (T), 8-255 
Skin depth, 5-85 
of copper (f), 5-200 
definition of, 5-200 
Skin effect, 5-85 to 5-95 
definition of, 5-5, 5-85 
Skin-effect quantities for various conduc- 
tors (T), 5-90 
Skin friction, and compressibility, 2-230 

and heat transfer, 2-230 
Skin-friction data, for flat plate, 2-228 

for turbulent gas flow, 2-224 to 2-226 
Skin-friction ratio, vs Mach number (f), 

2-229 
Sky, approximate brightness of (T), 6-78 
Sliding friction, 2-40 

coefficient of, for various substances (T), 
2-41 to 2-42 
Slow-burning insulations and current capac- 
ity of conductor (T), 5-202 to 5-203 
Small-signal acoustic equations, 3-32 to 3-34 
Small-signal scalar wave equation, 3-34 
Smooth pipes and turbulent gas flow, 2-224 
Snell's law, 3-78 

of refraction, 6-7 
Sodium, energy levels of (f) (T), 8-85, 8-86 
Sodium I, energy-level diagram of (f), 7-31 
Sodium chloride, absorption coefficient of 
(T), 6-37 
index of refraction of (T) , 6-23, 6-27 to 
6-29 
Solar constant, definition of, 2-132 
Solar eclipse method of earth measurement, 

2-96 
Solar-flare effect, definition of, 5-294 
Solar insolation, daily average (f), 2-133 
Solar noise and radio astronomy, 6-121 to 
6-122 
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Solar radio-frequency radiation, spectra of 

(f), 3-121 
Solenoid, magnetic induction of , 6-27 
Solenoidal waves, 2-12 
Solid helium, volume and compressibility of 

(T),4-27 
Solid solutions, Bohr magneton numbers of 

(T), 5-211 
Solid-state formulas, 5-95 to 5-104 
Solids, acoustic properties of, 3-74 to 3-88 
attenuation of sound in, 3*79 
density of 20°C (T), 2-21 
dielectric properties of (T's), 5-114 to 

5-132 
emissivity of, 6-73 

extensional and torsional waves in, 3-75 
internal energy aad entropy of (T's)* 

4-44 to 4*46 
logarithmic decrements of (T' s) , 2-87 
magnetic properties of, 5-206 to 5-244 
and metallic conductors, 5-197 to 5*205 
polycrystalline, elastic and strength con- 
stants of (T), 2-55 to 2-80 
relative volume of (T's), 4-28 to 4-29 
specific rotation of (T), 6-98 
Verdet constants for (T), 6-95 
viscosity of, 2-84 to 2-90 
Solutions, specific rotation of (T), 6-100 to 

6-101 
Sone, definition of, 3-13 
Sound, absorption constant in organic 
liquids (T), 3-73 
attenuation of, 3-63 to 3-66 

nomogram for (f), 3*64 
definition of, 3-6 

directional radiation of, 3-110 to 3-112 
energy density of , 3-6 
hearing, of short duration, 3-127 
propagation oil, ft«63 to 8-66 

in fluids, 3-24 to 3-55 
radiation of, 3-108 to 3-112 
and reverberation, 3-6 
speed of, equation for, 3*61 
in liquids, 3-67 
in sea water, 2-119 to 2-120 
in various gases (T) , 3-62 
velocity of, in air vs. temperature (T) , 
2^216 
effect of dissolved salt in water (f ) , 3-70 
in fresh and sea water (T) , 3-69 
as function of density, 3-37 
in organic liquids (T), 3-71 to 3-73 
(See also under Acoustic) 
Sound absorption, 3-43 to 3-53 
in air; 3-63 to 3-66 . 

classical, 3-49 

first-order equations for, 3-45 
and relaxation processes, 3-50 to 3-53 
and viscosity (f), 3-65 
in water vs. temperature (f ) , 3-69 
Sound-absorption coefficients, definition of, 
3-17, 3-67 
for water (f), 3-71 
Sound^absorptive materials, 3-113 to 3-115 
Sound dispersion/ 3*43 to 3*53 
Sound-energy density, 3-6 



Sound-energy flux, 3-6 
Sound field, 3-6 
anechoic, 3-2 
Sound intensity, 3-6, 3-42 
Sound level, definition of, 3-6 
Sound power level, definition of, 3-7 
Sound pressure, 3-4 

vs distance from microphone (T), 3-130 
Sound propagation, streaming in, 3-39 to 
3-41 
symbols for, 3-25 to 3-26 
vorticity in, 3-39 to 3-41 
Sound spectrum level, 3-55 
Sound transmission, 3-63 to 3-66 
through partitions, 3-119 
in water, 3-67 to 3-68 
Sound waves and transducers, 3-89 to 3-99 
Space-charge regions, waves in, 5-74 to 5-79 
Space-charge waves, 5-74 to 5-79 
energy relations in, 5-79 
of noise, 5-79 
Space-group symbols in crystallography, 

2-47 
Space-time relationships, 2*2 to 2-3 
Spallation reaction, definition of ; 8-2 
Spatial coordinate transforms, 3-36 to 3-37 
Spatial coordinates, 3-34 to 3-37 
Specific acoustic compliance, definition of, 

3-10 
Specific acoustic impedance, definition of, 

3-10 
Specific acoustic mass, definition of, 3-10 
Specific acoustic reactance, 3-10 
of pulsating sphere (f), 3-109 
of vibrating piston (f), 3-109 
Specific damping capacity ; 2-84 to 2-86 
Specific gravity, of animal oils (T), 2-150 

of vegetable oils (T), 2-150 
Specific heat, of air (T's), 2-125, 3-59, 4-84 
of argon (T), 4-89 
of carbon dioxide (T), 4-93 
of gases (T), 3-59 
of hydrogen (T), 4-97 
of nitrogen (T), 4-105 
of oxygen (T), 4-110 
ratio Gp/Ci, for gases (T), 3-59 
of sea water, 2-121 
of steam (T), 4-115 
Specific heat constant of paramagnetic salts 

(T),4-14 
Specific heat equation for viscous fluids, 

3*29 
Specific impedance, 3-53 
Specific impedance ratio, 3-53 
Specific refractivfty, definition of , 6-7 
Specific rotation, definition of, 6-8 

of solids, liquids, and solutions (T's), 6-98 
to 6-101 
Specific volume, 2-151 

of sea water, 2-117, 2-119 
of viscous fluids, 3-27 
of water vs. temperature (T) , 4-25 
Spectra (see Atomic spectra; X-ray spectra) 
Spectral emissivity, brightness vs. tempera- 
ture (T), 6*75 
of oxides (T), 6-74 
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Spectral emissivity, of unoxidized surfaces 

(T), 6-73 
Spectral lines, persistent, of elements (T), 
7*39 to 7*41 
wavelengths and intensities of standard 
(T), 6-83 to 6-86 
Spectral response in radiation detectors, 

6-114 
Spectral sensitivities of various phototubes 

(f's), 6-116 to 6-117 
Spectral series, definition of , 6-8 
Spectral transmittance of sheet polarizers 

(T), 6-44 
Spectroscopic calibration, wavelengths for 

(T's), 6-83 to 6-90 
Spectroscopic splitting factor (g) , definition 
of, 5-231 
for various substances (T), 5-230 
Spectrum, continuous, definition of, 3-3 
definition of, 3-7 
line, definition of, 3-5 
Spectrum level in sound, 3-55 
Specular surfaces, reflection coefficients for 

incandescent light on (T), 6-43 
Speech, articulation index for, 3-132 to 
3-133 
articulation scores vs. articulation index 

(T), 3-133 
characteristic sounds of (T), 3-131 to 

3-132 
and equivalent frequency bands (T), 

3-133 
and hearing, 3-123 to 3-133 
hearing loss for, 3-13 
peak power, 3-13 

sound pressure for, vs. microphone dis- 
tance (T), 3-130 
Speech levels, power, 3-12, 3-13 
Speech power, 3-130 to 3-132 
Speed of sound (see Sound) 
Speed ratings of electric motors, 5-252 
Speed requirements and motor selection, 

5-251 
Spheres, acoustic radiation resistance of 
(T), 3-110 
drag data for (f) , 2-226, 2-228 
Spherical aberration, definition of, 6-8 
Spherical candlepower, definition of, 6-9 
Spherical coordinates, 2-3 
base vectors in (f); 2*3 
Spherical mirrors, 6-8 ; 
Spherical resonators, 5-66 

modes in (f), 5-67 
Spherical shell, skin-effect formulas for, 5-95 
Spherical surface, refraction at, 6-7 
Spherical-top molecules, rotational con- 
stants And geometrical parameters of, 
five-atom (T), 7-157 to 7-158 
four-atom (T), 7-154 
six-atom (T), 7-160 
Spherical wave, definition of, 3-7 
Spherical Wave functions, 5-46 to 5-47 
Spherite, index of refraction of (T) , 6*26 
Spin, of electron, 7-17 

isotopic, for light nuclei (f's) (T), 8-57 
to 8-86 



Spin, of neutron, 8-129 

of stable nuclei (T), 8-6 to 8-17 
Spin-dependent incoherence, 8-144 
Spin-orbit coupling, 8*5 
Spin resonance, 5-103 to 5-104 
Spinels, Bohr magneton numbers and Curie 
points of (T), 5-212 
index of refraction of (T), 6-26 
optical properties of, 6-40 
Split-capacitor motor, torque-speed curve 

for (f), 5-249 
Split-phase motors, 5-248 to 5-249 
torque-speed curve for (f), 5-248 
Splitting factor, in paramagnetic salts (T), 
4-14 
in Zeeman effect, 7-168 
Spontaneous fission yields (T), 8-225 
Spurious harmonics, 3-38 
Sputtered mass for metals in hydrogen (T), 

5-185 
Squirrel-cage induction motors, characteris- 
tic curves for (f), 5-247 
Squirrel*cage rotor, 5-247 
Stability rules, nuclear, 8-21 to 8-22 
Stable nuclei, properties of (T), 8-6 to 8*17 

systematics of, 8^5 to 8-23 
Standard atmosphere, definition of, 2-127 
to 2-128 
and lower atmosphere (T), 2-128 
Standard cells (batteries), 5-107 to 5-109 
characteristics and use, 5-107 to 5-109 
Standard coordinate system for color speci- 

, fications (T), 6-60 
Standard cyclotron, 8-173 to 8-174 
Standard electromotive forces of half cells in 

water (T), 5-274 to 5-276 
Standard entropy of monatomic and poly- 
atomic ions (T), 5-281, 5-282 
Standard illuminants (T), 6-56 
Standard liquids, dielectric constants of (T) , 

5-132 
Standard observer, chromaticity coordi- 
nates and tristimulus values for (T), 
6-54 to 6-55 
Standard pitch, definition of, 3-15 
Standard radio-frequency cables, attenua- 
tion of (f), 5-57 
list of (T), 5-53 to 5-56 
Standard ratings of electric motors as to fre- 
quency, horsepower, speed, and volt- 
age, 5-252 
Standard second, definition of , 5-1 1 2 
Standard sources (illumination), selected 
ordinates for (T), 6-59 
tristimulus computation data for (T), 
6-57, 6-58 
Standard tuning frequency, 3-106 
Standard wavelength, infrared (T), 6-88 to 
6-90 
primary (light), 6-9 
Standards, electrical, 5-105 to 5-113 
of viscosity (T), 2-167 
wavelength, for vacuum ultraviolet (T), 

6-83 to 6-86 
for wavelength measurement, 7-42, 7-43 
Standing waves, definition of, 3-7 
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Stapes in ear (T), 3-123 

Star oceultation, 2-97 

Stars, brightness of (T) , 6-82 

electric and magnetic properties of, 5-283 

to 5-297 
polar magnetic field strengths of (T) , 
5-296 
Starters for electric motors, 5-254 
Static-current-flow formulas, 5-23 to 5-25 
Static equilibrium, definition of, 2-9, 3-33 
Static-field formulas, 5-12 to 5-36 
Static fields, inductance for, 5-28 to 5-31 
Static friction, 2-39 to 2-40 

coefficients, various materials (T), 2-41 to 
2-42 
Static-magnetic-field formulas, 5-25 to 5-36 
Static modulus of elasticity, 2-85 to 2-86 
Static pressure, definition of, 3-7 
Statics, definition of, 2-5 
Stationary wave, definition of, 3-7 
Steady-state alteration of pressure, 3-38 
Steady-state cavities, 2-183, 2-187 
Steady-state one-dimensional flow, 2-232 to 

2-233 
Steady-state sinuoids, 5-81 to 5-82 
Steam, compressibility factor for (T), 4-113 
density of (T), 4-114 
enthalpy of (T), 4-116 
entropy of (T), 4-117 
specific heat of (T), 4-115 
thermodynamic conversion factors for 

(T), 4-81 
viscosity vs. temperature (T's), 2-209, » 
2-210 
Steely coefficient of static friction for (T) , 
2-40 2-41 
density of (T), 2-22 to 2-23 
Steel alloys, elastic and strength constants 

for (T), 2-70 to 2-71 
Steel strings, mass per unit length (T), 3-101 
Stefan-Boltzmann constant (T), 7-3 
Stefan^Boltzmann function, 6-64 
Stellar magnetic field strengths (T), 5-296 
Stellar magnetism, 5-297 
Stellar magnitude, definition of, 6-80 

of various stars (T) , 6-82 
Stellar radiation, 6-80 
Stellar spectral classes, color indices of (T), 

6-80 
Steradian, definition of, 2-14 
Stereophonic sound source, 3-129 
Stiffness modulus of crystals (T), 3-81, 3-82 
Stilb, definition of, 6-10 
Stokes, definition of, 2-165 
Stokes formula in geodesy, 2-100 
Stokes law, 2-13 

and viscosity, 2-203 
Stokes number and sound absorption, 3-45 
Stokes relation in viscous fluids, 3-28 
Stopping power of heavy charged particles, 

8-23 
Strain, 2-10, 2-11 
Strain constants, piezoelectric (T), 5-150 to 

5-151 
Strain tensor, 2-11 
Stratocumulus clouds (f) , 2-130, 2-134 



Stratosphere (f) , 2-130 
Stratus clouds (f), 2-130, 2-134 
Stream function in gas flow, 2-217, 2-221 
Streaming in sound waves, 3-39 to 3-41 
Streaming potential, 3-41 
Strength, definition of terms, 2-55, 2-69, 
2-78, 2-80 
(See also Shear strength; Tensile strength; 
Yield strength) 
Strength constants of polycrystalline solids 

(T), 2-61 to 2-80 
Stress and strain, general concepts of, 2-10 
Stress and strain relations, 2-11 
Stress tensor, 2-11 

in viscous fluids, 3-28 
Strings, frequency perturbations of (T) , 
3-102 
fundamental frequencies of, 3-100 to 

3-102 
mass per unit length, of gut (T), 3-101 
of steel (T), 3-101 
Strong-focusing methods in proton synchro- 
tron, 8-177 
Strontium titanate, index of refraction of 

(T), 6-26 
Structure, of antif erroelectric crystals (T) , 
5-156 
of atomic spectra, 7-16 tc- 7-26 
of ferroelectric crystals (T), fl-1 55 to 5-156 
Sublimation, heat of, for elements and com- 
pounds <T), 4-131 to 4-159 
Subsonic gas flow, 2-217 
Sucrose, diffusion coefficients of (T), 2-192 
Sulfur dioxide, efficiency of electron attach- 
ment in (f), 5-175 
Sulfuric acid, isothermal compressibility of 

(T), 2-162 
Sun, approximate brightness of (T), 6-78 
magnetic field of (T), 5-295 
mean distance of planets from (T), 2-90 
miscellaneous constants for (T), 2-91 
Sunspot cycles, 5-297 
Sunspot fields, 5-297 
Superconducting transition temperature 
(T), 4-49 
for metals and alloys (T's), 5-205 
Superconductors, transition temperatures, 
electronic constants, and Debye tem- 
peratures for (T) , 4-49 
Superposition theorem for networks, 5-81 
Supersonic gas flow, 2-217 
Supersonics, definition of, 3-12 
Surface energy of liquids, 2-172 to 2-176 
Surface phenomena, for ions on metals, 
7-192 to 7-203 
secondary electron emission by various 
substances (f's), 7-192 to 7-198 
Surface resistivity of metals and alloys (T) , 

5-90 
Surface tension, definitions and formulas 
for, 2-172, 2-175 to 2-176 
of inorganic aqueous solutions (T), 2-177 
of liquids (T), 2-14, 2-172 to 2-174 
of metals (T), 2-174 
methods of measuring, 2-175 to 2-176 
of organic aqueous solutions (T), 2-175 
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Surface tension, of water, 2-172 
Susceptibility, definition of, 5-236 to 5-240 
Suspensions, viscosity of. 2-180 to 2-181 
Suspensoids, 2-181 
Sutherland's equation, 2-204 
"Swimming-pool" reactor, 8-227 
Syllable articulation, definition of, 3-13 
Sylvine, index of refraction of (T) , 6-23 
Symbols, for acoustic properties of liquids, 
3-67 
for acoustical quantities, 3-18 to 3-24 
for cavitation in flowing liquids, 2-182 to 

2-183 
classical and modern, for heavy radio- 
nuclides (T), 8-41 
for elastic and related constants, 2-55 
electrical (T), 5-6 to 5-7 
for electrical, mechanical, and acoustical 

elements (T), 3-139 
for electrochemical data, 5-268 to 5-269 
for elements (T), 7-5 to 7-8 
for geodetic data, 2-92 to 2-101 
for liquid jets, 2-195 
for magnetic properties, 5-206 
for meteorology, 2-124 to 2-125 
for nuclear constants, 8-4 
for nuclear reactions, spallation reactions, 

and fission, 8-2 to 8-3 
for porosity and viscosity, 2-179 
for propagation of sound, 3-25 to 3-26 
for schematic diagrams, based on imped- 
ance analogy (T), 3-145 to 3-176 
based on mobility analogy (T), 3-144 to 
3-176 
in seismological data, 2-101 to 2-102 
for shock-wave quantities, 2-231 
Symmetric-top molecules, rotational con- 
stants and geometrical parameters 
of, five-atom (T), 7-157 to 7-158 
, four-atom (T) , 7-154 
six-atom (T), 7-160 
Symmetrical top and wave mechanics, 7-163 

to 7-164 
Synchrocyclotron, description of, 8-174 to 

8-175 
Synchronous motors, 5-248 

torque-speed curve for (f), 5-248 
Synchronous reluctance motor, 5-250 

torque-speed curves for (f), 5-250 
Synchrotrons, alternate-gradient, 8-177 to 
8-178 
electron, 8-176 to 8-177 
proton, 8-177 to 8-178 
world-wide list of (T), 8-189 to 8-193, 
8-196 to 8-199 
Synthetic crystals for filters, 6-50 
Systematic notation for spectral lines, 7-58 
Systematics of stable nuclei, 8-5 to 8-23 
Systems of one degree of freedom, electrical, 
mechanical, and acoustical, 3-137 to 
3-138 



Tait equation, 2-223 
Taylor series expansions, 3-36 



TE waves,, plane, cylindrical, and spherical 

functions of, 5-45 to 5-47 
Teller-Poschl potential and wave mechanics, 

7-163 
Telluric currents, 5-289 

TEM waves, plane, cylindrical, and spheri- 
cal functions of, 5-45 to 5-47 
Temperature, and piezoelectric strain con- 
stants (T), 5-152 
and pyroelectric constants (T), 5-154 
vs. thermal conductivity of various 

materials (f), 4-77 
variation of dielectric constants with (f), 
5-131 
Temperature coefficient, of inorganic liquids 
(T), 5-133 
of organic liquids (T), 5-134 to 5-142 
and per cent conductivity, 5-197 
of piezoelectric strain constants (T), 5-153 
of standard liquids (T), 5-132 
Temperature data, of paramagnetic salts, 
4-14 to 4-20 
at very low temperatures, 4-14 to 4-20 
Temperature-entropy diagram, for helium 
(f), 4-94 
for hydrogen (f), 4-100 to 4-102 
Temperature-salinity diagrams for sea 

water (f), 2-118 
Temperature scales, equation and definition 
of (T), 4-2 to 4-4 
International, 4-3, 4-4 
Temperatures, critical, of elements and 
compounds (T), 4-21 to 4-23 
of inorganic and organic substances, 
4-21 to 4-23 
Tensile strength, definition of, 2-55 
of liquids (T), 2-169 to 2-172 
of metals and alloys (T), 2-61 to 2-78 
methods of measuring in liquids, 2-170 to 
2-172 
Ternary fission, 8-212 
Terrestrial abundance of elements (T) , 7-9 

to 7-12 
Terrestrial electricity, 5-289 to 5-291 
Terrestrial magnetism, 5-291 to 5-295 
Tetragonal crystal systems (f) (T), 2-45 to 

2-47 
Tetragonal crystals, elastic constants and 

coefficients of (T), 2-57 
Thallium, phase diagrams for (f) (T), 4-38 

transition parameters for (f) (T), 4-38 
Thallium bromide-iodide, index of refrac- 
tion of (T), 6-27 to 6-29 
Theorems, for electrical networks, 5-81 
impulse-momentum, 2-5 
work-energy, 2-5 to 2-7, 2-9 
Thermal conductivity, 3-52, 4-65 to 4-79 
of alloys, 4-67, 4-79 
conversion factors for (T), 4-66 
of cubic crystals (T), 4-72 to 4-73 
of dielectric crystals (T) , 4-79 
of disordered dielectrics (T), 4-79 
of fused quartz (T), 4-74 
of gases (T's), 3-58, 3-61, 4-71 
of insulating materials (T), 4-68 to 4-70 
of liquids (T's), 4-71, 4-75 
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Thermal conductivity, at law temperatures, 
(f) 4-77 
of metals (T), 4-67, 4-78 
of noncubic crystals (T) , 4-73 
of optical materials (T), 4-76 
of organic materials (T), 4-71 
of sea water (T), 2*122 
of semiconductors (T), 4-76 
vs. temperature for various materials (f), 

4-77 
of water (T), 4-70 
Thermal cross sections, of elements (T's), 
8-154 to 8-168, 8-170 to 8-171 
of neutrons, definition of, 8-144, 8-169 
Thermal detectors, characteristics of (T's), 

6-114, 6-118 
Thermal diffusion of gases, 3-58 
Thermal dissipation function, 3-30, 3-31 
Thermal effects, attenuation of sound due 

to, 3-79 
Thermal emf , of alloys relative to platinum 
(T), 4-9 
of elements relative to platinum (T) , 4-6 

to 4-7 
of thermocouple materials relative to 
platinum (T), 4-8 
Thermal energy gap, definition of, 5-157 
Thermal expansion, 4-51 to 4-64 

: Griineisen equation constants (T) , 4-63 
Thermal expansion coefficients, cubical, of 
elements (T), 4-56 
of liquids (T), 4-62 
linear, of alloys (T), 4-57 to 4-60 
of elements (T's) , 4-51 to 4-55 
of miscellaneous materials (T), 4-61 
Thermal losses, due to grain rotation, 3-84 
due to grain scattering, 3-85 
due to intergrain heat flow, 3-84 
Thermal^neutron fission, and fission-prod- 
uct chains (T), 8-202 to 8-211 
yields (T), 8-212 to 8-215 
Thermal neutrons, velocity of, 8-4 
Thermal noise in acoustic medium, 3-53 to 

3-55 
Thermal noise pressure, 3-55 
Thermal waves in sound, 3-46, 3-47 
Thermionic cathode rectifiers, 5-263 
Thermionic emission, 5-97 
Thermocouples, characteristics of (T) , 6-1 14 
emf of, chromel ys, alumel (T) , 4-12 
chromel vs* constantan (T) ,4-12 
copper vs. const antan (T), 4-11 
iron vs. constantan (T) , 4-1 1 
platinum vs. platinum-rhodium (T), 
4-10 
thermal emf of, alloys relative to plati- 
num (T), 4-8, 4-9 
elements relative to platinum (T), 4-6 
to 4-7 
Thermodynamic properties of gases, 4-80 to 

4-117 
Thermodynamics, conversion factors for 

gases (T), 4-81 
Thermoelectric effect, 5-5, 5-97 to 5-100 
Thermomagnetic effect, 5-97 to 5-100 



Thermoplastic insulations and current ca- 
pacity of conductor (T) , 5-202 to 5-203 
Thermosphere (f), 2-130 
Thermoviscous medium, acoustic imped- 
ance of, 3-53 
Thermoviscous number, 3-46 
Thermoviscous parameters in fluids, 3-47 
Thevenin's theorem, 5-81 
Thin films, Faraday rotation in (T), 5-232 
Thin-sheet shielding, formulas for, 5-94 
Thixo tropic substances, definition of, 2-81 

mechanical properties of, 2-82 to 2-83 
Thixotropy, coefficient of, 2-83 
Thompson coefficient, 5-97 to 5-98 
Thomson cross section, 8-4 
Thomson effects, definition of, 5-5 
Thomson scattering of photons, 8-91 
Thorium, fast-neutron fission yields of (T), 

8-216 
Thorium-228, decay scheme of (f), 8-47 
Three-phase rectifier circuits (T), 5-264 to 

5-265 
Threshold (in hearing), of audibility, 3-14 
of damage, 3-14 
of deteetability, 3-14 
of discomfort, 3-14, 3-126 
of feeling, 3-14, 3-126 
of hearing, 3-14 
of pain, 3-14 
of tolerance, 3-14 
Threshold field at absolute zero for super- 
conductors (T), 4-49 
Thunderstorms, characteristics of (T), 
5-285, 5-288 
electric field near (f), 5-287 
Thyratron rectifier, 5-263 
Tickle due to loud sounds, 3-14 
Tidal constituents (T), 2-123, 2-124 
Time in mechanics, 2-2 
Time constant, in radiation, definition of, 
6-119 
of radiation detectors (T), - 6-418 
Time interval, 2-2 
Time lag in voltage breakdown in air (f's), 

5-180 
Time periodic fields, 5-39 

basic wave functions for, 5-45 to 5-47 
and Maxwell's equations, 5-41 
Tin, elastic and strength constants of (T), 

2-77 
Tin alloys, elastic and strength constants of 

(T), 2-77 
Titanium cesium alum, properties of (T), 

4-14, 4-19 to 4-20 
TM waves, plane, cylindrical, and spherical 

functions of, 5-46 to 5*47 
Toluene, first Townsend ionization coeffi- 
cient in (f), 5-169 
Tone, complex, 3-14 
definition of, 3-15 
fundamental, 3-14 
whole, 3-14 
Tones, differential threshold for intensity 

and frequency (T), 3-126 
Tonometer and tensile strength, 2-171 
Torque, definition of , 2-6, 2-7 
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Torqtie requirements and motor selection, 

5-251 
Torque^spefed curves, for capacitor-start, 
split-capacitor, and shaded-pole motors 
(f), 5-249 
for synchronous reluctance and series uni- 
versal motors (f), 5-250 
for synchronous and split-phase motors 
■■ (f's), 5-248 
Torsional mode in transducer materials, 

3-98 
Torsional waves in solids, 3-75 
Torus, magnetic induction of , 5-27 
Total emissivity, apparent vs. true temper- 
ature (T), 6-76 
of metals, unoxidized surfaces (T), 6-75 
Total heat flux in viscous liquids, 3-30 
Total mechanical energy, definition of, 2-6 
Total neutron cross sections of various ele- 
ments (fs), 8-131 to 8-134 
Total normal emissivity of various sub- 
stances (T), 6-68 to 6-71 
Total reflection, definition of, 6-8 
Total volume emissivity and radio astron- 
omy, 6-121 
Townsend coefficient, definition of, 7-192 
first, for various substances (f's), 5-166, 

5-167 to 5-169 
second, for various substances (f's), 7-199 
to 7-200 
Transducer materials, 3-89 to 3-99 

dielectric and piezoelectric constants of 

(f), 3-97 
Young's modulus vs. temperature for (f), 
3-96 
Transducer network, 5-83 
Transducers, and acoustic analogy, 3-177 
directivity index of, 3-110, 3-112 
electrostrictive, 3-92 to 3-98 
magnetostrictive, 3-92 to 3-98 
piezoelectric crystal, 3-89 to 3-92 
piezoelectric properties of (T), 3-93 
Transformation properties in viscous fluids, 

3-27 
Transformer connections (T), 5-261 
Transformer cooling, 5-259 
Transformers, and acoustic analogy, 3-177 
operating principles of, 5-258 to 5-259 
types of, 5-259 to 5-260 
Transforms and material and spatial coordi- 
nates, 3-36 to 3-37 
Transient cavities, 2-183, 2-186 to 2-187 
Transient penetration of magnetic field into 

a plane solid, 5-93 
Transient phenomena in earth's magnetic 

field, 5-293 to 5-294 
Transinertor, 3-142 

Transition, heat of, for elements and com- 
pounds (T), 4-131 to 4-159 
Transition parameters for various sub- 
stances (T), 4-34 to 4-38 
Transition temperatures, of antiferroelectric 
crystals (T), 5-156 
superconducting, for metals and alloys 

(T's), 5-205 
for superconductors (T), 4-49 



Transitions of alpha emitters, S-55 to 8-56 
Translational motion, definition of, 2-8 
Transmission of light; 6-36 to 6-40 
vs. wavelength for light (f ) , 6-47 
Transmission coefficient for sound, 3-120 
Transmission curves of light filter plates (f), 

6-49 
Transmission lines, constants for (T) , 5-48 
to 5-49 
conventional, 5-47, 5-51 
formulas for (T), 5-50 
impedances of, 6-50, 5-51 
Transmission loss for sound, definition of, 
3-10, 3-18 
through various materials (f), 3-119, 

3-120 
through walls and floors (T)> 3-121 
Transmittance, of light, definition of, 6-36 

luminous, definition of, 6-52 
Transonic similarity rule for gas flow, 2-219 
Transport cross section of neutrons, defini- 
tion of, 8-130 
Transport numbers, definition of, 5-190 
for electronic conductors (T), 5-192 to 

5-194 
for pure and mixed ionic conductors (T), 
5-191 to 5-194 
Transport phenomena in sea water (T), 

2-121 to 2-122 
Transverse electric waves, 5-47, 5-58 to 5-59 
Transverse em waves, 5-47, 5-57 
Transverse isotropy, 3-75 
Transverse magnetic waves, 5-58 

definition of , 5-47 
Transverse waves, travel time through 
earth (T), 2-104 
velocity of, 2-102 
in earth, 2-109 
Traveling^wave interaction and growing 

waves, 5-76, 5-77 
Triangulation in geodesy, 2-93 
Triatomic molecules, fundamental vibra- 
tions of (T), 7-147 
rotational constants and geometric pa- 
rameters of, asymmetric-top (T) , 
7-153 
linear (T), 7-152 to 7-153 
Triboelectricity, definition of, 5-t5 
Triclinic crystal systems (T), 2-45, 2-47 
Trigonal crystal systems (T), 2-45 
Trigonal crystals, elastic constants and 

coefficients of (T), 2-57 
Triple point, for various substances (T's), 
4-34 to 4-38 
of water (f) (T), 4-34, 4-35 . 

Tristimulus computation data for standard 

sources (T), 6-57, 6-58 
Tristimulus system of color specification, 

6-53 
Tristimulus values of spectrum for standard 

observer (T), 6-53 to 6-55 
Triton, mass of (T), 7-3 

range-energy relations in Ilf ord C-2 emul- 
sion (f), 8-32 
symbols for, 8-3 
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Tropopause, isotherms aloft and mean posi- 
tion of (f), 2-129 
temperature of (f), 2-129 

Trunk of body, maximum permissible expo- 
sure to ionizing radiation (T), 8-255 

Tube, self -inductance of, 5-28 

Tubular conductor, skin-effect formulas for, 
5-91 

Tungsten, properties of (T), 6-79 

Tuning fork frequency, 3-104 

Turbulent flow, definition of, 2-224 
of gases, 2-224 to 2-228 

along flat plate (f), 2-227 
through pipes, 2-224 

Two-body combinations, capacitance of, 
5-14 to 5-15 

Two-dimensional gas flow, 2-217 to 2-219 

Two-dimensional rotator and wave 
mechanics, 7-163 

Two-terminal-pair networks (f), 5-83 to 5-85 

Two-winding transformers, 5-260 

Tympanic membrane, dimensions of (T), 
3-123 



U 



Ultrasonic detector, definition of, 3-12 
Ultrasonic frequency, definition of, 3-7 
Ultrasonic generator, definition of, 3-12 
Ultrasonics, definition of, 3-12 
Underwriters' Laboratories, Inc., 5-245 
Uniaxial crystals, anisotropy constants of 

(T), 5-222 
Uniaxial minerals, index of refraction of 

(T), 6-12 to 6-13 
United States, betatrons, list and descrip- 
tions of (T), 8-194 
cyclotrons and synchrotrons, list and de- 
scriptions of (T), 8-189 to 8-191 
electron synchrotrons, list and descrip- 
tions of (T), 8-196 to 8-197 
electrostatic generators, list and descrip- 
tions of (T), 8-182 to 8-185 
linear accelerators, list and descriptions of 

(T), 8-200 to 8-201 
proton synchrotrons, list and descriptions 
of (T), 8-198 to 8-199 
Units, absolute viscosity (T), 2-202 
acoustical conversion (T), 3-24 
of area (T), 2-16 
derived, definition of, 2-14 
for electrical, mechanical, and acoustical 

elements (T), 3-139 
fundamental, definition of, 2-14 
of kinematic viscosity (T) , 2-203 
of length (T), 2-15 
photometric, 6-9 to 6-10 
of volume (T), 2-16 
Unstable nuclei, 8-3 

Upper atmosphere, characteristics of iono- 
spheric regions in (T), 5-284 
properties of, 2-128 to 2-130 
structure of (f), 2-130 
Uranium, total cross section of (f), 8-134 
Uranium-235, fast-neutron fission yields 
from (T), 8-218 



Uranium-238, fast-neutron fission yields 

from <T), 8-217 
Urea, diffusion coefficients for (T), 2-192 
Urethane, transition parameters and phase 

diagram for (f) (T), 4-37 



V event in meson and hyperon decay, 8-241 
Vacuum diode rectifiers, 5-263 
Vacuum ultraviolet, international wave- 
length standards in (T), 6-87 
wavelength standards for (T) , 6-83 to 
6-86 
Valence electrons, 7-16 
Valences of elements (T), 7-9 to 7-12 
Van de Graaf accelerators, 8-172 
Van der Waals equation as virial expansion, 

4-119 
Vapor pressure, in flowing liquids, 2-183 

of sea water, 2-120 to 2-121 
Vaporization, heat of, for elements and com- 
pounds (T), 4-131 to 4-159 
Vapors, fluorescence of (T), 6-112 
index of refraction of (T), 6-21 
Verdet constants for (T), 6-91 
Variation method of approximation in wave 

mechanics, 7-167 
Vector force equation in viscous liquids, 

3-28 
Vector potential, 5-43 to 5-44 

in fluid motion, 3-40 
Velocity, definition of, 2-2, 3-8 

drift, of electrons in various substances 
(f's), 7-205 to 7-209 
of ions in various substances (f's), 7-212 
to 7-218 
effective, 3-8 
instantaneous, 3-4 
of light, measurement of (f) (T), 6-119, 

6-120 
particle, 3-4 
of sound, 3-61 to 3-63 

in fresh and sea water (T), 3-69 

in organic liquids (T), 3-71 to 3-73 

in solids, 3-74 to 3-79 

variation with temperature for air (T), 

2-216 
in water vs. dissolved salt (f), 3-70 
volume, 3-7 
Velocity field equations, 5-38 
Velocity potential, 2-13 

in gas flow, 2-217 
Vening Meinesz formula in geodesy, 2-100 
Verdet constants, 6-91 to 6-95 
for aqueous solutions (T), 6-93 
definition of, 6-91 
for gases and vapors (T), 6-91 
for inorganic liquids (T), 6-92 
for metal-organic liquids (T) , 6-92 
for organic liquids (T), 6-94 
for solids (T), 6-95 
Vibrating piston, acoustic impedance of, 
3-109 to 3-110 
specific acoustic resistance of (f), 3-109 
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Vibrational frequency of diatdmic molecules 

(T), 7-136 to 7-141 
Vickers hardness number* definition of, 

2-78, 2-80 
Virial coefficients, for air (T), 4-128 
for argon (T), 4-121 
for carbon monoxide (T), 4-127 
definition of, 4-118 
for deuterium (T) , 4-125 
for helium (T), 4-119 to 4-120 
for hydrogen (T), 4-124 
for krypton (T), 4-122 
for neon (T), 4-120 
for nitrogen (T), 4-125, 4-126 
for oxygen (T), 4-126 
for xenon (T), 4-122, 4-123 
Virial expansions of various pressure-vol- 
ume-temperature equations, 4-119 
Virtual temperature, definition of, 2-126 

of saturated air (T), 2-127 
Viscometer, calibrating oils for (T), 2-167 

definition of, 2-165 
Viscosity; absolute, of gases (T), 2-207 
and anelasticity, 2-84 to 2-86 
coefficients (T), 3-28, 3-41, 3-58, 3-60 
and creep, 2-86 to 2-90 
definition of, 2^-13, 2-165, 2-201 
of gases and gaseous mixtures, 2-201 to 

2-210, 3-58 
of industrial oils and lubricants (T), 2-168 
kinematic, 3-58 
of gases (T), 2-208 
interpretation (f), 2-203 
of liquids, 2-165 to 2-168 
common (T), 2-166 
organic (T), 2-169 
and logarithmic decrement of materials 

(T's),2-87 
of , mercury (T), 2-169 
of National Bureau of Standards oils (T), 

2-167 
of plasticizers (T), 2-169 
secondary standards of (T), 2-167 
of solids, 2-84 to 2-90 
and sound absorption (f), 3-65 
and suspensions, 2-180 to 2-181 
symbols for, 2-179 
variation of, with pressure and tempera* 

ture, 2-203 to 2-205 
of viscbnieter calibrating oils (T), 2-167 
of water and water vapor (T), 2-206, 
2*309, 2-210 
Viscosity number and sound absorption. 

3-45 
Viscosity specifications for aircraft-engine 

oils (T), 2-168 
Viscosity tables, 2-206 to 2-210 
Viscosity tonometer, 2-171 
Visco thermal absorption and* dispersion 

measure, 3-47 to 3-49, 3-52 
Viscothermal resonance, 3-48 
Viscothermal theory, 3-33 
Viscous dissipation function, 3-30, 3-31 
Viscous fluids, definition of, 2-13 
energy relations for, 3-29 to 3-31 
equations of state for, 3-29 to 3-31 



Viscous fluids, motion of, 3-127 to 3-32 

various equations for, 3-27 to 8-32 
Viscous waves in fluids, 3-47 
Visibility, definition of, 6-8 
Visible persistence of Various cathode-ray- 
tube 'phosphors (T), 6-113 
Visual magnitude of stars, 6-80 
Volt, definition of, 5-2 

international vs. absolute (T), 5-106 
Volta effect, definition of, 5-5 
Voltage breakdown, 5-178, 5^180 to 5-181 

time lag in (f's), 5-180 
Voltage ratings of electric motors, 5^252 
Voltage standards, 5-107 to 6-109 
Volume, fractional change of, with field 
strength (T), 5-224 

units and conversion factors for (f), 2-16 
Volume magnetostriction, 5-224 
Volume resistivity, of ceramics (T), 5-120 
to 6-121 

of glasses (T), 5-122 to 5-123 
Volume resonators, 3-1 03 to 3-104 
Volume Velocity, 3-8 
Vorticity, in sound waves, 3-39 to 3-41 

in viscous liquids, 3-29 
Vorticity equation, 3-40 



W 



Walls, and shock waves, 2-233 to, 2-235 
sound transmission loss through (T) 
3-121 
Walther equation, 2-165 
Water, absorption of sound by, vs tempera- 
ture (f), 3-69 
attenuation of neutrons in (f), 8-169 
cavitation in (f's), 2-484, 3-68 
critical energy and radiation length for 

(T),8-39 
density of (T's), 2-137 to 2-139 
deuterium density (T), 2-139 
diffusivity of (T) , 4-74 
dissociation constants of (T), 5-280 
effect of salt on sound velocity in (f), 3-70 
maximum permissible concentration of 

radioisotopes in (T), 8-256 
phase diagram for (f ) , 4-35 
properties of (T), 3-69 
refraction of sound, in 3-68 
resistivity of, in earth (f), 5-290 
reverberation in, 3-68 
scattering of sound in, 3-68 
sound absorption coefficients for (f) , 3-71 
specific volume vs. temperature for (T), 

4-25 
surface tension of (T), 2-172 
thermal conductivity of (T), 4-70 
transition parameters (f) (T), 4-34, 4-35 
transmission of sound in, 3-67 to 3-68 
Verdet constant for (T), 6-92 
viscosity of, vs. temperature (T's), 2-201, 

2-210 
volume related to pressure and tempera- 
ture (T), 2-152 to 2-154 
'Water-boiler" reactor, 8-227 
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Water vapor, efficiency of electron attach- 
ment in (f) y 5*174 
viscosity of, vs. temperature (T's), 2-209* 
2-210 
Watt, definition of, 2-15 

international vs. absolute (T) , 5-106 
Wave, definition of , 3-8 
plane, definition of, 3-7 
spherical, definition of, 3-7 
standing, defection of, 3-7 
stationary, definition of, 3-7 
Wave equation, for field vectors, 5-42 
in material coordinates, 3-34 to 3-36 
small signal scalar?, 3-34 
Wave fjinctipns, for time^periodic fields, 
5-45 to 5-47 
in^wave mechanics, 7-164 to 7-165 
Wave interference, definition ..of, 3-8 
Wave mechanics, 7-162 to 7-167 

approximation methods used in* 7-165 to 

7-167 
common wave functions in, 7-164 to 7-165 
special cases of soluble systems, 7-162 to 
7-164 , 
Wave propagation, anistropic systems, 5-64 
to 5-65 
velocities of, 5-51 
Wave types for rectangular waveguides (T), 

5t61 
Wave velocity, in earth, 2-108 
at different depths (T), 2-109 
longitudinal (f), 2-103 
fundamental equations for, 2^102 
for glasses (T), 3-8G 
for metals (T), 3-80 
for plastics (T) , 3-80 
in rocks (T), 2*102 
Wavefront, definition of, 3-8 
Waveguide discontinuities, 5^64 
Waveguides, 5-47 to 5-65 

circular cylindrical (f> (T), 5-63 to 5-64 
and Faraday rotation (T) , 5-234 
rectangular (f) .(T*)V $-59 to 5-62 
Wavelength standards, 6-9, 6-83 to 6-86^ 
7-42, 7-43 
international, in vacuum ultraviolet (T) , 

6-87 
primary, 6-9 

for vacuum ultra violet (T), 6-83 to 6^86 
Wavelengths, critical absorption, for X-ray 
spectra (f), 7^30 to 7-132 
in important atomic spectra, 7-42 
for spectroscopic calibration (T's), 6-83 
of various X-ray spectral series (T's) , 
7-125 to 7-129 
Waves, of finite amplitude, 3-37 to 3-39 
in fluids, 2-14 . T 

scattering factors in metals (T), 3-83 
in solids, 3-75 

in spacer-charge regions, 5-74 to 5-79 
Weatherproof insulations and current 
capacity of conductors (T)y 5-202 to 
5-203 
Weber, definition of, 5-2 
Weiss molecular field, 6^101 



Weston cells, 5-107 to 5-109 

Width of energy state for light nuclei (f 's) 

(T),.<8-57 to 8-86 
Wien's displacement law, 6-8 

constant (T), 7-3 
Wire of infinite length, magnetic force on, 

5-33 
Wood, density of (T), 2-31 to 2-33 

diffusivity of (T), 4-74 
Work-energy theorem, 2-5 to 2-7 
Work function, definition of, 5-5 

and photoelectric effect, 8-88 
Wound rotor, 5-247 to 5-248 
Wound-rotor motors, control and protection 
of, 5-255 to 5-256 
induction, characteristic curves for (f), 
5-247 



X-ray absorption in air (T) , 8*253 
X-ray densities of crystals (T), 3-77 to 3-78 
X-ray speetra, absorption wavelengths of 
(T), 7-130 to 7-132 
data on characteristic, 7-123 to 7-135 
energy levels in (T), 7-133 to 7-135 
energy-level diagrams for (f), 7-124 
X-ray units, 7-123 

X-ray wavelengths, of !£-series lines (T) , 
7-125 to 7-126 
of L-series lines (T), 7-127 to 7-128 
of Af-series lines (T), 7-129 
X rays, maximum permissible exposure to 

(T's), 8-254, 8-255 
Xenon, virial coefficients for (T), 4-122, 

4-123 
Xenon I, photoelectric traces of spectrum 
(f), 7-80 to 7-87 
principal spectral lines of (T), 7-74 to 7-79 
Xerogels, 2-81 



Y particle, 8-227, 8-240 

Year, definitions of various kinds of, 2-12, 

2-15 
Yield point, definition of, 2-69 
Yield strength, definition of , 2-55, 2-69 

of metals and alloys (T), 2-61 to 2-77 
Young'B modulus, definition of, 2-10 

of gels, 2-82 

of metals and alloys (T), 2-61 to 2-77 

of quartz (T), 2-103 

of several transducer materials (f), 3^96 



Zeeman displacement per gauss (T) , 7-3 
Zeeman effect, 6-8, 7-168 to 7-173 

and astronomical magnetic fields, 5-295 to 
5-297 
Zinc, elastic and strength constants of (T), 

2-78 
Zinc alloys, density of (T), 2-30 

elastic and strength constants of (T) , 2-78 
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